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Abstract. 
The aim of this study is to create an optimum technique 
which could create optical films with the best possible 
properties onto substrates at room temperature. Ion and 
plasma assisted coating techniques, which result in high 
surface energy onto the substrate or growing film without 
using the temperature effect, create the possibilities of 
achieving this requirement. Various kinds of ion plating 
based on an electron beam evaporation source and a d. c. 
planar magnetron sputtering source were examined for 
producing high quality Ti02, TiN, Si02 and Si3N4 films. 
It was found that r. f. bias ion plating and reactive d. c. 
magnetron sputtering with r. f. enhancement are the best 
methods for optical coatings on glass or plastic substrates. 
In particular high quality films were obtained by using the 
metal as a starting material and at a lower pressure ( 3'6 x 
10-4 Torr) than that conventionally used (10-3 " 10-2 Torr). 
In such a low pressure region, since the collisions in the 
gas phase are negligible, high kinetic energy and a high 
ions/neutrals ratio are achieved, which results in a high 
reactivity and high surface mobility of the metal and 
reactive gas on the substrates. 
The low pressure effects were also found in the study of 
the surface damage and interface structure of ion plated PET. 
The substrate is exposed to energetic particles, mainly ions, 
which cause significant damage to the plastic substrates. In 
the low pressure plasma (10-5ti10-3 Torr) because of high 
kinetic energy, decomposition of the polymer surface is domi- 
nant rather than any chemical reactions. However, the active 
species produced through this decomposition process allows 
not only physical interaction but also chemical interaction 
between the ion plated films and the substrate, hence the 
excellent adhesion. 
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Definition of the symbols. 
r. f. radio frequency 
d. c. direct current 
PET polyethylene terephthalate 
ESCA electron spectroscopy for chemical analysis 
ITO tin doped indium oxide 
ARE activated reactive evaporation 
EB electron beam 
H. T. high tension 
SEM scanning electron microscopy 
TEM transmission electron microscopy 
TED transmission electron diffraction 
EPM. A electron probe microanalysis 
CVD chemical vapour deposition 
ri refractive index 
K. extinction coefficient 
d film thickness 
ASF atomic sensitivity factor 
VE conventional vacuum evaporation 
IP ion plating 
AES auger electron spectroscopy 
p/r deposition parameter (the ratio of rate of arrival 
of gas molecules to the rate of arrival of vapour 
molecules). 
VT target voltage (or potential) 
ug hall mobility (cm2/V sec). 
R sheet resistance (S2/c3) 
A inelastic mean free path of photoelectron (ý) 
K. E. kinetic energy (eV) 
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CHAPTER 1 INTRODUCTION 
Optical coatings are required in a wide variety of 
applications. Currently, 'it is becoming more important to 
understand, modify and control the properties of optical 
films in conjunction with the development of laser systems 
(laser mirror coating for high power UV-and IR laser appli- 
cations)' and solar energy utili'zation2 (heat mirrors, select- 
ive absorbers and reflective films). 
The aim of this study is to create an optimum technique 
which could create optical films with the best possible 
properties onto substrates at room temperature. In particular 
the commercial production of high quality optical films 
for solar energy utilization on plastic substrates, such as 
flexible plastic sheets of PET (ICI - Melinex) is needed. 
Dielectric films required for use as interference 
layers in solar control films should be hard, dense, durable 
and transparent to the wavelength in which they are required 
and have a refractive index which is either very high or 
very low to meet the needs of multilayer stacks. They 
should be able to be produced easily, reliably and repro- 
ducibly from an easily obtained source with as simple a 
method as possible. 
For example, heat reflecting plastic sheet (ITO on PET) or 
solar control film (TiO2/Metal/Ti02 on PET) are useful 
materials for energy conservation3. The development of coating 
techniques for plastic substrate is also useful for other 
application, multilayer coating for plastic filters, anti- 
2 
reflecting coating for plastic lenses, chemical and/or 
mechanical protective coating, etc. Also it is very useful 
for various commercial applications if high quality films 
equivalent to those produced on high temperature substrate 
can be obtained on the room temperature or low temperature 
(<2000C) substrate. The films deposited on high temperature 
substrate have normally a large grain size owing to thermal 
diffusion, which causes a light scattering loss problem in 
laser applications. Since a low substrate temperature leads 
to the formation of fine crystalline films4, this problem 
might be-overcome by reducing substrate temperature. 
The aim is to select the best method to achieve our 
purpose. In addition, the interface between film and sub- 
strate, which is closely related to the durability of the 
film, is also important for practical usage because the 
utilization of plastic is sometimes limited by its insuffi- 
cient durability. So, the other aims are to find the best 
possible interface for optical coating onto plastic substrate 
or glass substrate and to find the best method to achieve it. 
Although there are many kinds of coating techniques, 
ion and plasma assisted coating techniques, which would 
result in high surface energy onto the substrate or growing 
film without using the temperature effect, create the possib- 
ilities of achieving this requirement. First various kinds 
of coating technique were classified. The idea used in the 
classification is described in Chapter 3. On the basis of 
the classification the several techniques were investigated 
for optimizing the optical properties of Ti02, TiN, Si02 and 
3 
Si3N4 films. The results are described in Chapter 4-8. 
In addition, the surface damage of the PET substrate in ion 
plating and the interface structure between the film and the 
PET substrate were investigated, which is shown in Chapters 
9- 12. Finally the conclusions and the suggestions for 
further study are shown in Chapters 13 and 14 respectively. 
REFERENCES: 
1. W. H. Lowdermilk, SPIE Vol. 325 Optical Thin Films (1982) 
/ 3. 
2. C. M. Lampert, SPIE Vol. 324 Optical Coating for Energy 
Efficiency and Solar Applications (1982). 
3. R. P. Howson, C. A. Bishop and M. I. Ridge, Proc. of the 
S. I. R. A., Film Preparation & Etching Seminar, University 
of Sussex 22-24th, March, 1983. To be published in 
"Vacuum". 
4. W. T. Pawlewicz and R. Busch, Thin Solid Films, 63, 
251 (1979). 
4 
CHAPTER 2 COATING TECHNIQUES 
Table 1 shows the present coating techniques classified 
on the basis of the source. Although many kinds of ion and 
plasma assisted techniques are available for optical coating, 
ion plating based on an electron beam evaporation source or a 
magnetron sputtering source would seem to be the most 
useful method for our purposes. 
Various kinds of ion plating technique have appeared 
since Mattox developed (d. c. diode) ion plating in 19631. 
They have already been established as a production, process for 
some applications but most of them are still at the research 
or development stage and much further work is necessary. 
Recent ion plating techniques are reviewed by Teer. The 
t 
techniques which can be used with an electron beam evaporation 
source are d. c. diode ion plating with a differential pumping 
system3, activated reactive evaporation (ARE)4'5, r. f. bias 
ion plating6'7, r. f. ion plating with or without d. c. bias 
8,9 
triode type ion plating (or ion plating with an electron 
emitter) 
10,11, ion plating with an ion beam source12, ion 
13 
plating with a neutral beam source. 
D. C. diode ion plating 
The origin of the technique is'a combination of a 
resistance heating evaporation source and a d. c. diode dis- 
charge as shown in Figure 2a. Argon gas is introduced up 
to a pressure of 10-3 -2x 10-2 Torr into the vacuum chamber, 
a d. c. voltage of 2-5 kV is applied between the substrate 
and source (grounded), and then a d. c. glow discharge of 0.5 
5 
mA/cm2 is induced. After the substrate (negatively biased) 
is cleaned by Ar ion bombardment, the materials are heated, 
evaporated, and deposited. Some depositing materials are 
ionized in the plasma and accelerated in the dark space of 
the glow discharge surrounding the substrate. They reach 
the substrate with high kinetic energy and are deposited. 
During deposition, the substrate is exposed to the ions from 
the source and argon ions, which produce a sputtering effect 
during deposition. By using a differentially pumped arrange- 
ment, an electron beam gun can be used in this technique3,14 
as an alternative to the resistance heated source. 
R. F. bias ion plating 
In order to coat insulators it is necessary to surround 
the insulating substrate by a wire mesh connected to the bias 
voltage6. A more sophisticated method is to replace, the d. c. 
bias by an r. f. voltage 
6,15 (Figure 3) which prevents the build 
up of a positive charge on the substrate surface. R. f. bias 
is also effective in increasing the ionization efficiency of 
the discharge and the intensity of ion bombardment. 
ARE 
This was developed by Bunshah in 19714 (Figure 4). In 
this process, the metal is evaporated using electron beam 
evaporation. A reactive gas is also introduced into the 
chamber and a plasma initiated between a positively biased 
electrode and the chamber. The metal atoms and the gas mole- 
cules in the plasma become partly ionized or excited. In this 
way the probability of reaction between the gas and the metal 
increases. The plasma is formed owing to the fact that 
6 
secondary electrons created at the melt are drawn to the 
positively-biased electrode and on the way cause ionization 
by collisions with both metal atoms and gas molecules. 
R. F. ion plating 
This was developed by Murayama in 19738. In this system, 
an r. f. coil is placed above the evaporation source. (Figure 5). 
The r. f. glow discharge is sustained by introducing Ar or 
another inert gas and the materials evaporated thermally are 
ionized. The working pressure is relatively low > 10-4 Torr 
for a resistance heated source and > 10-5 Torr for an electron 
beam evaporation source. Since the plasma is induced around 
the coil, the ion energy or ion current towards the substrate 
can be controlled by a d. c. bias voltage independently of the 
r. f. power and the substrate temperature can 'be maintained 
lower than in either d. c. or r. f. diode ion plating. 
Triode type ion plating 
This is a modification of d. c. diode ion plating by 
utilizing the electron emission from a hot filament which 
was done to increase the ionization and reduce the working 
pressure. The plasma density can be controlled by the elec- 
tron emission current11 (Figure 6). 
Ion plating with an ion beam source 
A combination of an oxygen ion beam source and a resist- 
ance heated source or an electron beam evaporation source was 
reported by Ebert12 (Figure 7). A cold cathode is used for 
the generation of negative low-energy oxygen ions. In this 
case, the substrate is grounded or floated and the energy of 
7 
ions can be controlled by the negative potential of the cold 
cathode in the oxygen ion gun. The maximum current of this 
gun is approximately 1 mA. The gun can be operated at a low 
pressure. 
Ion plating with a neutral beam source 
Frank introduced a cold cathode saddle field fast atom 
source operating without a magnetic field at pressures 
compatible with evaporation (lO-4 " lO-3 Torr)13(Figure 8).. 
Since the beam contains a high proportion of energetic 
neutrals, the technique can be applied to insulating as well 
as conducting substrates. Although he used a resistance 
heated source, an electron beam evaporation source could be 
used instead. 
In addition to the techniques described above, by 
combining the techniques of substrate bias and plasma acti- 
vation, a large variety of techniques are available. They 
are summarized in Table 1. If necessary, it is possible to 
combine two or more methods of activation, for example ARE 
(ion plating with d. c. probe) with an electron emitter which 
was proposed by Bunshah5. The enhancement by a magnetic field 
can be also combined with them. 
6 
In the case of the preparation of a dielectric coating, 
a radio frequency field is required to prevent the charging 
of the substrate and subsequent suppression of the ion current 
Although the charging by a d. c. bias can be reduced by placing 
a wire mesh beneath the substrate 
6,14,15 (see Table 1), it is 
not a satisfactory method. 
A reduction in the working pressure creates the possibilities 
-8- 
of improving the film properties because of the enhancement 
of energy of the bombarding ions through the reduced number 
of charge exchange collisions and/or by reduced neutral 
(energetic and thermal) bombardment16. 
On the basis of these considerations, electron beam 
evaporation, r. f. bias ion plating, r. f. ion plating, r. f. 
bias ion plating with an electron emitter, r. f. bias ion 
plating with an oxygen plasma source and ion plating with a 
neutral beam source, which are shown by (iC) in Table 1, 
have been studied. 
Another way of obtaining a high surface energy in the 
growing film is to use a depositing species which has high 
energy and can be neutral. Such a deposit is obtained in 
low pressure sputtering, typically from a planar magnetron 
source. It is also possible to use all the other ion plating 
techniques with the magnetron sputtering source. (Other 
sources, such as a hollow cathode electron beam gun, can also 
be used instead of the electron beam gun shown in Table 1). 
A particularly useful form of ion plating with this source 
includes the provision of a substrate bias17 which can also 
be a radio frequencies. 
The production of Ti02 and TO films by reactive d. c. 
magnetron sputtering with r. f. bias to the substrate and 
alternatively with an r. f. ring electrode which corresponds 
to r. f. ion plating and was named r. f. enhanced d. c. magnetron 
sputtering was studied. 
9 
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Table 1 Various combinations of the substrate bias and the 
activation methods in ion plating based on electron 
beam evaporation source. 
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CHAPTER 3 EXPERIMENTAL 
3.1. Apparatus 
The apparatus used for ion plating based on electron 
beam evaporation is illustrated in Figure 1 and its general 
appearance is shown in Figure 2. The work chamber consists 
of a 31 cm diameter, 52 cm high, metal cylinder, mounted on 
a stainless steel base plate, the seals being conventional 
neoprene gaskets. The pumping system consisted of an oil 
diffusion pump with baffle valve backed by a gas ballasted 
rotary pump. A liquid nitrogen trap was available to avoid 
backstreaming of oil vapour from the pump and to increase 
for condensable gases 
the pumping speed". The gas was admitted into the chamber via 
a needle valve. The gauges consisted of a thermocouple gauge 
in the backing line, a Pirani gauge (CVC GP-310) a-nd an ion- 
ization gauge (Veeco RGLL-7) connected to the chamber. 
The electron beam gun (Airco-Temescal ES-6) was used to 
evaporate metal or oxide from a water cooled copper crucible. 
The substrate size was normally 75 mm x 75 mm. The substrate 
to source distance was about 25 cm. A quartz crystal monitor 
was used to control the deposition rate and the film thickness 
for some experiments. A mass spectrometer (VG Micromass Q7) 
was used to check the residual gas in the chamber. A mass 
spectrum of the vacuum after introducing oxygen is shown in 
Figure 3. It can be seen that the partial pressure of water 
vapour and nitrogen was very small. 
In this system the substrate could be grounded, floated, d. c. 
biased or r. f. biased and an additional d. c. electrode for 
ARE, an r. f. ring electrode for r. f. ion plating, an electron 
I 
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emitter for triode type ion plating, an oxygen plasma source 
or a saddle field neutral beam gun could be used. The 
details of each method are described in the following sections. 
Figure 1 shows the r. f. bias ion plating configuration. 
The apparatus used for d. c. magnetron sputtering is 
illustrated in Figure 4 and its general appearance is shown 
in Figure 5. The work chamber consists of 51 cm wide x 38 cm 
long x 31 cm high metal box. The pumping system consists of 
a cryopump (Leybold-Heraeus RPK 1500) with a gate valve 
assisted by a gas ballasted rotary pump. The gas was admitted 
to the chamber via an automatic gas flow controller (Vacuum 
General Model 80-4) or an automatic pressure controller 
(Vacuum General Model 80-1). The gauges consisted of a 
thermocouple gauge in the backing line, a Pirani gauge (CVC 
GP 310) and an ionization gauge (Varian 890-AR) connected to 
the chamber. A planar d. c. magnetron sputtering source (CVC 
Products Inc. Fig. 6), which was connected to the high voltage 
d. c. power supply (CVC, SPC100,0-5000 V) was used. 'The sub- 
strate to target distance was approximately 14 cm. The sub- 
strate size was normally 75 mm x 75 mm. 
In this system, the substrate could be grounded, 
floated, d. c. biased or r. f. biased, and an additional d. c. 
electrode, an r. f. ring electrode, an electron emmiter or a 
saddle field neutral beam source could be used. In the 
experiments however, d. c. magnetron sputtering alone, with r. f. 
bias (r. f. bias d. c. magnetron sputtering) or with an rf. ring 
electrode (r. f. enhanced d. c. magnetron sputtering) were 
carried out. 
The details of each method are described in the following 
section. 
3.2. Plasma characteristics in r. f. bias ion plating 
In ion plating with a glow discharge, the properties of 
the plasma influence both the deposition process and the film 
properties. However, the properties of the plasma in ion 
plating have not been so well understood. as in sputtering. 
Langmuir probe measurement 
1 is one of the useful tools for 
characterizing plasma. Since Langmuir's original interest 
in this subject there has been a great deal of work done 
2r3, 
especially the behaviour of the plasma in sputtering and 
etching4'5'6 which has been studied in recent years. In 
the experiment Langmuir probe analysis has been used for 
characterizing the plasma in ion plating based on electron 
beam evaportation. The main difference between the plasma in 
conventional sputtering or etching and that in this type Qf 
ion plating is the working pressure. The pressure range in 
conventional sputtering is usually 10-3 " 10-2 Torr whereas 
the pressure studied here is in the order of 10-4 Torr. 
Therefore in this type of ion plating the collision ofthe 
ions in the dark space is negligible. The ions are acceler- 
ated in the sheath and reach the substrate with high energy. 
The interpretation of probe characteristics in the collision- 
less case is quite straightforward. 
The plasma density, plasma potential, floating potential 
and electron temperature were monitored as a function of the 
r. f. input power and the pressure. Those results led to an. 
understanding of the film formation mechanisms in ion plating 
(Chapter 4 and Chapter 6) and the surface damage of plastic 
substrate caused by ion bombardment (Chapter 9). 
3.2.1. Measurements 
The electrical circuits for r. f. matching and measure- 
ments of r. f. peak-to-peak voltage and d. c. offset voltage 
in r. f. bias ion plating are shown in Figure 7. A u-network 
was used for r. f. matching. The ratio of reflected power 
to incident power was, in most cases, less than 5%., 'By a 
L-network with a blocking capacitance between the substrate 
holder and the matching box a good tuning condition was not 
able to be achieved. 
14 
Figure 8(a) shows the electrical circuit for the Langmuir 
probe measurements. The probe is shown in Figure 8(b). The 
exposed portion is well defined in geometry and surface area. 
It is insulated from the tube internally because in the 
presence of deposition everything exposed is quickly coated 
with metal or oxide from the evaporation source. The position 
of the probe in the chamber is shown in Figure 8(c). 
3.2.2. Electrical properties of the system 
R. f. peak-to-peak voltage and d. c. offset voltage 
measured at the substrate holder are plotted as a function of 
r. f. input power (= incident power minus reflected power, 
measured by a power meter). The d. c. offset voltage depends 
on r. f. power, but it is very small. As shown in Figure 9 
in the , r-network system, a blocking capacitance is not placed 
before the substrate holder. The system is connected to the 
laboratory earth, which is assumed to be well grounded and 
so the system is the same as that shown in Figure 10. In 
this electrically 
symmetrical r. f. system, the two sheath voltages are equal 
in magnitude (the symmetry demands that) although not in 
phase, tVsj=jVs1. Vrf has not a d. c. component, as expected 
for a symmetrical system, and can be represented by 
electrode voltage Vrf = Vrfo sin wt as shown in Figure 11. 
If we assume that the glow is equipotential and of value Vp, 
then we also have 
Sheath voltage Vs = Vp -0= plasma potential Vp = VSDC 
1 Vrfo sin wt +2 
Sheath voltage Vs = Vp - Vrf = VSDC +2 Vrf_o sin (wt + n) 
where VSDC is d. c. offset voltage. Therefore mean plasma 
potential Vp is closely equal to Vrfo/2, or one quarter the 
r. f. peak-to-peak voltage. In-a practical system, mean 
target voltage VT could be negative but is unlikely to be 
significantly different from zero. This is shown in Figure 
12. On the other hand, in the asymmetric system with blocking 
capacitance between r. f. electrode and r. f. matching box, 
VT is negative (as shown in Figure 11) and the mean plasma 
potential Vp is given by: 
Vp = Vrfo + VT 
2 
3.2.3. The effects of r. f. power 
In the r. f. bias ion plating the oxygen plasma was used 
to prepare the oxide films reactively. However, in an oxygen 
plasma, the probe was oxidized and so I-V characteristics 
did not show repeatable relationships 
7. The I-V curve is 
relatively reproducible in Ar discharge. Therefore the plasma 
density, plasma potential, floating potential and electron 
temperature were determined for Ar discharge only. The 
behaviour is not likely to be different from that in oxygen 
plasma. 
The dependence of V-I curves of the probe on r. f. input 
power is shown in Figures 13a and 13b. Vaf, the applied 
potential for which the probe current is zero and Io, the 
current for which the probe voltage is zero increase with 
r. f. input power. The following procedure used to obtain the 
plasma density, plasma potential, electron temperature, 
floating potential is the same as that reported by Eser etal5. 
From these curves I2 vs V plots for the ion-collection range 
were obtained. The slope of the linear region of these 12 
vs V curves was used to calculate the plasma density. The 
variations of the plasma density is shown in Figure 14 as a 
function of r. f. power. The plasma density in r. f. bias ion 
plating is much smaller than in r. f. sputtering5 because of 
low pressure. 
Electron temperature was obtained by plotting the 
logarithm of the corrected probe current versus the probe 
voltage for the electron retardation region. The corrected 
probe current is the true electron current obtained by 
adding the measured probe current to the ion current. This 
correction procedure is made easier by the fact that an analy- 
tical expression for the ion current is already available from 
the plasma-density determination. For the electron retard- 
ation region 
Ie = Ie sat exp (eVp/kTe) 
where Ie sat = NeA (kTe/27me) 
/ 
Ie = Ip + Ii max 
Vp = probe to plasma potential = V-Vp 
therefore in Ie = In Ie sat + 
Te"(V-Vp) 
The plot of In Ie against V should therefore start as a 
straight line. The slope of the In Ie vs V curve in its 
linear region give the electron temperature Te. Once the 
electron temperature was determined the floating potential Vf 
was calculated using the following approximate relation6. 
Vf=. 1 kTe In 7Tm 
2e 2M 
where e is the unit electron charge, m is the electron mass 
and M is the ion mass. 
The plasma potential is then given by 
Vp = Vaf + Vf 
where Vaf is the applied potential for which the probe current 
is zero. The variation of electron temperature Te, floating 
potential Vf, and plasma potention Vp as a function of r. f. 
power in r. f. bias ion plating (Ar discharge) is shown in 
Figure 14. 
Plasma potential increases with increasing r. f. power, which 
means an increase in the energy of incident ions. 
Debye length can be calculated using the value of Te. For 
example, if Te = 580000K and the plasma density N=5.6 x 1014 
3 ions/m. 
kTeco 2 aD =( re e7 
) 
k= Boltzmann constant = 1.38 x 10-23 JK-1 
co = Dielectric constant in a vacuum 
ne = electron density =N=5.6 x 1014 electrons/m3 
e= charge per electron = 1.602 x 10-9C 
AD ti 0.7 mm 
therefore, the condition rp, probe radius (= 0.5 mm) < 3'D 
was satisfied which means that the charged particle collection 
was orbital motion limited5. 
3.2.4. The effects of pressure. 
V. I. curves were obtained from the probe measurements 
in argon discharge for different working pressures. However, 
current in ion collection region does not greatly depend on 
the pressure, which means the difference in plasma density 
is small. The potential Vaf, for which the probe current 
is zero, varies as the pressure changes. The dependence 
of electron temperature Te, floating potential Vf, plasma 
potential Vp and plasma density N calculated from the V-I 
curves on the pressure are shown in Figure 15. Plasma density 
slightly increases with increasing pressure. Decrease in 
plasma potential means a reduction in the average kinetic 
energy of the ions to reach the substrate. 
Figure 16 shows the plasma density N, Io (the current at 
zero probe potential) and Vaf for the wide pressure range in 
oxygen plasma as a function of the pressure. The change in 
Vaf corresponds to that in plasma potential Vp. Vaf decrease: 
gradually, namely the average energy of oxygen ions decreases, 
as the pressure increases. Plasma density shows the maximum 
at the order of 10-3 Torr. The reduction in plasma density 
at the order of 10-2 Torr is possibly due to the localization 
of plasma around the substrate, where it is considered that- 
the ion flux density at the substrate is relatively large at 
10-2 Torr. 
3.2.5. The effects of other factors 
(a) Contamination of the probe. 
The probe characteristics is often very strongly 
distorted, if the probe is contaminated . For example, in 
an oxygen plasma, the probe surface is easily oxidized and 
insulating or semiconducting materials are formed on the 
surface. The effect of that contamination appeared in a 
shift of Vaf during the probe measurement. This shift could 
be minimized by using the probe in Ar discharge because the 
surface was sputtered and the oxide of the surface was 
removed. However, V-I curves slightly changed during measure- 
ment even in Ar discharge. This is considered to be due to 
instability of the r. f. power source and/or the pressure. 
(b) Probe position 
By changing the probe position, the plasma distribution 
can be determined. For example, V-I characteristics around 
the substrate were greatly different from that at 6 cm below 
the substrate. This means the plasma density around the 
substrate is very small (plasma sheath). 
(c) Shutter operation. 
The change in V-I characteristics in Ti evaporation in 
Ar discharge was examined. Even when the probe was covered 
by Ti, since the Ti was conducting the probe was not strongly 
distorted. The V-I curves were not affected by opening the 
shutter or starting of Ti evaporation although the r. f. 
matching condition changed slightly and the power meter showed 
a change in input r. f. power. Therefore, the plasma density 
and plasma potential were not changed significantly by shutter 
operation. 
3.3. Substrate and source materials 
The PET (polyethylene terephthalate) sheet, which is 
becoming one of the most important substrates for optical 
coating applications, used as the substrate in the experi- 
ments was Melinex - Type "O" (50v thick, in roll, ICI Ltd). 
The PET is made from linear polyester obtained by poly- 
condensation of terephthalic acid (or terephthalic acid - 
dimetyl) and ethylene glycol. The properties of Melinex 
(ICI data) are as follows; melting point: 265°C, glass trans- 
ition temperature: about 70°C, density: 1.395 to 1.410 g/cm3 
at 23°C, coefficient of thermal expansion: 19 x 10-6 per °C 
-6° in machine direction and 16 x 10 per C in transverse 
direction (between 200 and 500C), surface electrical resist- 
ivity: about 1012 Ohms and volume resistivity: 1017 Ohm cm, 
total lumiiious transmission of 36 um film: 88%, haze: less 
than 5%. 
Slide glass (Pre-cleaned selected micro slides of 
Chance Propper Ltd, 76 x 26 mm, 1"1.2 mm thick) were also 
used as substrate. 
The source materials used for electron beam evaporation 
were Ti metal pieces (99.9%) TiO, Ti203, and TiO 2 sintered 
tablet (Balzer) and high purity silicon metal pieces (99.999%). 
For the d. c. planar magnetron sputtering, a Ti metal plate 
(99.9% 202 mm in diameter and 5 mm thick) was used as a target. 
3.4. Evaluation techniques 
The film thicknesses were measured by a Talystep 
(Taylor Hobson Talystep 1) or determined by ellipsometry 
(Gaertner Scientific Corporation Ellipsometer). The 
refractive index of most samples was determined by ellips- 
ometry. The Abeles method and a method for determination 
from transmission curves8 were also used for a few samples 
for comparison. The transmission and reflection spectra in 
the visible and near infrared region were measured by a 
spectrophotometer (Perkin Elmer 323), and in infrared region 
by a spectrophotometer (Perkin Elmer 177). 
The near normal reflectance R was measured relative to a 
flash evaporated Al-mirror. The reflectance value of the Al- 
films were calibrated by using the absolute reflectance data 
9 
reported by Bennett. The structural properties were studied 
by a scanning electron microscope (SEM), a transmission elec- 
tron microscope (TEM), transmission electron diffraction 
(TED), X-ray diffraction, electron probe microanalysis 
(EPMA) and electron spectroscopy for chemical analysis 
(ESCA). 
However, the films were characterized principally by their 
refractive index because the refractive index reflects the 
structural properties very effectively. Measurements of 
D and ý were made using 63288 wavelength light (He-Ne laser 
beam) at an angle of incidence of 500. The refractive index 
and thickness were calculated with the aid of a computer. 
For studying the surface damage of PET sheet and the inter- 
face between film and substrate, ESCA was mainly used. 
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CHAPTER 4 TiO2 FILMS PRODUCED BY REACTIVE R. F. BIAS ION 
PLATING. 
ABSTRACT: 
Reactive r. f. bias ion plating based on an electron 
beam evaporation source has been used to produce high 
quality TiO 2 films on glass and PET substrates at room 
temperature. The optical and structural properties of the 
films have been investigated in connection with the' 
deposition conditions : r. f. power, oxygen pressure and 
deposition rate. The films formed under the optimized 
conditions showed a very high refractive index (2.49 at 
0 
6328 A for glass substrate and 2.43-for PET), high 
transparency, strong adhesion and excellent hardness, 
which were equivalent to those made by conventional 
reactive evaporation onto substrates at elevated 
temperatures. 
4.1 Introduction 
Dielectric films which are required for use as 
interference layers in optical filters should have many 
attributes. They should be durable and transparent to 
the wavelengths in which they are required and have a 
refractive index which is either very high or very low, 
to meet the needs of multi-layer stacks. They should be 
able to be produced easily, reliably and reproducibly 
from an easily obtained source with as simple a method 
as possible. 
Titanium dioxide has proved to be a material which 
goes some considerable way to meeting the demands of the 
high refractive index film, having been shown to be able 
to be made with a visible refractive index of 2.5 with 
transparency in the visible and i. r. regions of the 
spectrum, by evaporativel'2'3 and sputtering 
methods. 
4,5,6,7,8 
In general the conclusion from these reported 
techniques was that a partial pressure of oxygen and an 
elevated substrate temperature was necessary to achieve 
the best properties whatever source material was used. 
Sources included Ti02, TiO and Ti for evaporation, 
1,2,3 
Ti for d. c. and r. f. sputtering'6'7'8 and TiO 2 for r. 
f. 4 
sputtering. 
5 
The production of TiO 2 by ARE9 and CVD10 is also 
reported, but the substrate temperature in both cases is 
very high. Ebert11 and Allen12 applied ion plating with 
negative oxygen ion beam to produce Ti02 on room 
temperature substrate. The starting material was TiO 
in both cases. They were able to improve the refractive 
index but it was not so high as that of the films 
produced at high temperature. 
The aim of this study is to create TiO 2 films with 
the best possible properties onto substrates at room 
temperature. Accordingly, techniques which would result 
in high surface energy on the substrate or growing film - 
without using the temperature effect are needed. They 
use high energy ions or neutrals created in a gas 
discharge. Generally if the ions are directed towards 
the surface a radio frequency field is required to 
prevent the charging of it and subsequent suppression of 
the ion current. Therefore, r. f. bias ion plating was 
selected for this purpose. 
The working pressure in this r. f. bias ion plating 
was normally 3-7x lO-4 Torr which allowed the use of 
an electron beam evaporation source without differential 
pumping system. In addition, operation-in low pressure 
plasma created the possibilities of improving film 
properties because of the reduction of gas collisions. 
4.2 Experimental Details 
The r. f. bias ion plating apparatus used in this 
experiment was already shown in-Fig. 1, Chapter 3. The 
r. f. was generated by a 0.5kW automatically controlled 
and tuned supply, Plasma Thermo HFS 500E, and was applied 
to the water cooled substrate holder. Transparent PET 
sheet and slide glass were used as the substrates. An 
electron beam gun was used to evaporate Ti metal, 
sintered TiO and sintered Ti02. 
To confirm the chemical state of the source materials, 
the fractured surface of Ti203 and Ti02 tablet was 
examined by ESCA (Fig. 1). The tablet was made by 
sintering small polycrystalline particles. The Ti2p3/2 
and Ti2p1/2 of Ti02 are 458.6 eV and 464.4 eV, 
13 
and 
the reported Ti2p3/2 of TiO is 457.7 ± 0.2 eV. 
14 
Therefore, the spectra show the surface of TiO sintered 
particles is covered by TiO and Ti02 phase, and the 
surface of Ti203 and TiO 2 sintered particles is covered 
by Ti02 phase. The ratio O/Ti in Ti02, which was deter- 
mined from the peak area using theoretical atomic 
sensitivity factors, 
15 
was 1.47, which shows. that the sur- 
face is in the reduced state. However, the bulk compo- 
sition of the tablets was thought to be in the stoichiometric 
state. 
The vacuum chamber was evacuated to less than 
2x 10-5 Torr and then oxygen gas was admitted into the 
chamber and controlled by a variable leak valve. The 
source materials in the water cooled copper crucible were 
heated by an electron beam and the electron emission 
current was maintained constant. Then the r. f. was 
initiated. After adjusting all the parameters, the 
shutter was opened to initiate deposition. The substrate 
holder and the chamber were water cooled during deposition. 
4.3 Results 
4.3.1 TiO2 from Ti metal source 
4.3.1.1 Deposition rate 
Ti vapour is very reactive. Fig. 2a shows the 
pressure shift after reactive evaporation in an oxygen 
atmosphere. The pressure during deposition was maintained at 
either l or 4x 10-4 Torr. Since the oxygen molecules 
were consumed for reaction with the Ti vapour during 
deposition, the pressure increased after deposition and - 
the shift depended upon the evaporation rate. In the 
case of r. f. bias ion plating, however, the decomposition 
or resputtering effect by ion bombardment during deposition 
was significant. Fig. 2b shows the pressure shift after 
initiating evaporation of Ti with an r. f. bias discharge 
as a function of r. f. input power. Since the oxygen is 
consumed in the reaction, the pressure decreases after 
initiating evaporation. However, this shift decreases 
with increasing r. f. power. This is because the oxygen 
is resputtered from the growing filmsby ion bombardment. 
This effect is also observed in the deposition rate 
(Fig. 3). The rate decreases with increasing r. f. input 
power because of resputtering by ion bombardment. In 
the case of high emission current, the influence of the 
r. f. bias discharge is significant. In all cases, the 
0 
films obtained at a rate of more than 140 A/min, showed 
strong absorption in the visible range even with r. f. 
bias discharge. 
4.3.1.2 Optical properties 
Only Ti02 films with no observable absorption in the visible 
range were used for measurement of refractive index. The 
absorption of Ti02 films can be accurately checked by 
visual methods as small oxygen deficiencies soon cause a 
bluish absorption. Absorption can also be detected by 
transmission and reflection measurement. 
The dependence of the refractive index of Ti02 
films deposited onto glass substrate on the deposition 
rate is shown in Fig. 4. High quality TiO 2 films 
(refractive index 2.49 at 633 nm) were obtained onto 
glass substrates under the following conditions: a 
pressure of 3x 10-4 Torr, an electron beam emission 
current of 40 mA, and an r. f. power of 150W. The film 
also showed high transparency, strong adhesion and 
excellent hardness. A similar result was obtained for 
PET substrates, although the maximum refractive index 
was 2.43. ' The transmission and reflection spectrum for 
a film with a refractive index of 2.49 is shown in Fig. 5. 
In general, it can be said that higher refractive indices 
are achieved using r. f. bias at as low a pressure as 
possible and at higher rates. 
The influences of the r. f. power and the deposition 
parameter (P/r) 
16 
are shown in Fig. 6 and Fig. 7 
respectively. These results evidence the care needed to 
balance both deposition rate and r. f. power to obtain 
films with a high refractive index. 
4.3.1.3 Structural properties 
Ti02 crystallizes in three distinct structures: 
two tetragonal phases, anatase (a = 3.785 Ä, c=9.514 Ä) 
and rutile (a = 4.593 Ä, c=2.959 Ä), and a third 
orthorhombic phase, brookite (a = 5.456 A, b=9.182 A, 
c=5.143 A0 ). Rutile is stable, anatase is metastable 
and brookite is an alkalin-stabilized modification. 
In conventional reactive evaporation, both anatase and 
rutile phases are observed; however, the presence of Ti 
atoms causes the preferred rutile formation. 
2 
The TiO 2 films obtained 
by r. f. bias ion plating 
could not be peeled off the substrate, the adhesion 
being too good and the film too thin. To dissolve the 
PET substrate to get a film on the TEM grid, a boiled 
ortho-chloro-phenol solvent was used. TEM images 
and TED patterns of the TiO 2 films obtained in such 
a way are shown in Fig. 8. Since most of the films were 
too thick for observation, the main part examined was the 
thinner edge. The films ion plated at a low pressure 
(3-5 x 10 -4 Torr) showed polycrystalline structure. 
The refractive index n of a rutile single crystal is 
2.76 at 530 nm, n of polycrystalline rutile film is 2.73 
and n of an anatase single crystal is 2.565.2 Therefore, 
the films with a high refractive index, 2.49 r. f. ion 
plated films, could consist of a predominantly rutile 
structure. However, the films obtained by high pressure 
ion plating and by vacuum evaporation showed the diffuse 
TED pattern and very fine grain structure. The bright 
part in the TEM image of picture (c) results from cracks 
caused by its brittle structure. 
SEM images of the fractured surface were obtained to study 
the bulk and interface structures of TiO 2 films on glass 
substrates (Fig. 9). In the case of the films which were 
ion plated at a low pressure, it was very difficult to 
find a clear cross section of the films, because the 
fractured surface was so complicated and the interface 
between the film and substrate was not obvious 
(picture (1)). These results show that the film has 
strong adhesion and an equiaxed structure. The picture (2) 
shows the fractured surface of the sample ion plated at 
a high pressure. The interface is clearer here than 
in picture (a), but no columnar structure is observed. 
The vacuum evaporated films exhibited a columnar 
structure. The cross section is identical to the 
structure of the film which Pulker et al obtained by 
vacuum evaporation. The adhesion of the films deposited 
at a low pressure was better than that of the films 
deposited at a high pressure. The latter showed a very 
clear interface and a smooth substrate surface, which 
means very poor adhesion. Furthermore, the film surface was 
rough corresponding to a columnar structure. 
ESCA is a useful method of discovering the chemical 
state of the film surface. Fig. 10 shows the Ti2p 
ESCA spectra of the high quality Ti02 films produced by 
ion plating, which is identical to that of TiO 2 bulk. 
13 
However, it is necessary to check the stoichiometric 
change in depth. To remove the contamination and surface 
layer, the film was etched by an Ar ion beam 
(1 keV, -10 uA/cm2,2 min. ). The peak of a suboxide 
appeared after ion bombardment. However, since Ti02 is 
decomposed and reduced by ion bombardment 
18,19 
we-cannot 
conclude whether the inside of the film includes suboxides 
or not. Fig. lOb shows the spectrum of the strongly 
absorbing TiOx films (bluish colour). The surface is 
also composed of Ti02, which seems to be due to 
oxidation after exposing to air. The spectrum after Ar 
ion bombardment also shows the presence of suboxides. 
However, the spectrum after oxygen ion bombardment 
shows the presence of only TiO 2 phase. Table 1 shows 
the difference in stoichiometry calculated from the 
experimental photoelectron peak area using theoretical 
atomic sensitivity factors, ASF. 
15 The values can be 
compared relatively but they are not absolute values. 
Further study is needed to decide the exact composition. 
4.3.1.4 Mechanical properties 
The vacuum evaporated films exhibited poor adhesion 
and hardness and were easily removed from the glass 
substrate by using a knife. On the other hand, most 
of the ion plated film showed too strong adhesion and 
hardness to scratch or remove them from the substrate 
using a knife. The film on the plastic substrates 
showed a similar difference. 
The abrasion resistance of the coated glass 
substrates was tested by rubbing them with a standard 
eraser conforming to US Military Specification 
MIL-E-12397B. The eraser was mounted in a holding 
device driven. by an electric motor. A pressure of 
6 kg/cm2 was applied to the eraser, instead of 
approximately 2 kg/cm2 which is usually recommended by 
various national standards. Strokes of approximately 
14 mm were made on the samples, and their number was 
automatically recorded. The slightest change in the 
reflectivity of the abraded area of the film under white 
light was taken to be the criterion for damage, so the 
films were visually examined after every five strokes and 
the film was considered to be damaged when a definite 
change in its reflectivity was observed. Consequently, 
the accuracy of the number of strokes required to damage 
a film is ± five strokes. The results are shown in 
Table 2. (abrasion test A). 
Since the rubbing method used for glass was not 
suitable for PET, the coated PET substrates were tested 
by rubbing with a standard eraser mounted in a standard 
holding device. This eraser holder conforms to US 
Military Specification drawing No. D. 7680606, issue 
24.3.67. Forces of between 9N and 11N (2 lbf and 
2.5 lbf) were applied. Strokes of approximately 25 mm 
(1 in. ) were made. All the strokes were made in an 
approximately straight line along one path for twenty 
strokes. Then damage was examined visually. "The results 
are shown in Table 2 (abrasion test B). 
4.3.2 Ti02 from TiO source 
Fig. 11 shows the pressure shift after deposition 
using a TiO source. The pressure during deposition was 
maintained at 5x 10-4 Torr by admitting oxygen through 
the variable leak valve. The pressure shift was 
measured successively, without breaking the vacuum; after 
vacuum evaporation, VE(l), then after ion plating, IP 
(150W), and again after vacuum evaporation, VE(2), as 
can be seen in Fig. 11. In the case of vacuum evaporation, 
the pressure increases slightly and the pressure shift 
is larger at higher emission currents, indicating that 
oxygen molecules are consumed in the reaction. On the 
other hand, in the case of ion plating, at a small 
emission current, the pressure decreases or does not 
change after deposition. This is owing to re-emission of 
oxygen species from the growing films by ion bombardment. 
Decomposition of the TiO source by the electron beam 
should also be taken into account. The larger shift in 
VE(2) than that in VE(l) indicates that more oxygen 
molecules were consumed in the reaction. This is 
because the TiO source was decomposed gradually and/or 
outgassing from the chamber walls was reduced after 
deposition. 
The refractive index of the films made from the TiO 
source also depended upon the deposition rate (Fig. 12), 
as in the case of the Ti source (Fig. 4). The 
difference between r. f. bias ion plating and vacuum 
evaporation was significant. Although transparent films 
were obtained at a higher rate than in the case of the 
Ti source, the optimum deposition rate was almost the 
same. The maximum refractive index obtained from the 
TiO source was 2.43 on glass substrates, which was lower 
than the value of 2.49 in the case of the Ti source. 
Fig. 13 shows the dependence of the refractive index 
on the r. f. power. These results are also similar to the 
Ti source results. The optimum power depends upon rate 
and pressure. 
4.3.3 TiO2 films from TiO 2 source 
The pressure shifts after deposition using the 
TiO 2 source are shown in Fig. 14. The pressure decreases 
after deposition, which is different from the case of the 
Ti and TiO source. This is because, during deposition, 
oxygen was supplied to the chamber, not only through the 
leak valve but also by the thermal dissociation of the 
source. Therefore, after the electron beam heating is 
stopped, the pressure decreases. This thermal 
dissociation is common also in other materials with a high 
oxidation state, such as ZrO 2, A1203 and SiO2,1 and was 
experimentally confirmed by a mass spectrometer. The 
larger pressure shift in ion plating was due to 
resputtered oxygen species from the growing film. 
The dependence of refractive index of the films pro- 
duced on the glass substrate on deposition rate is shown 
in Fig. 15. The refractive index does not greatly depend 
upon the rate, which was different from the case of either 
the Ti or the TiO source, and transparent Ti02 films were 
0 
obtained even at 600 A/min. However, the maximum 
refractive index obtained was not so high (about 2.3). 
All of the inn plated films showed better adhesion and 
hardness than those with vacuum evaporated film, but not 
as good as the best of the samples obtained from the 
Ti source. 
The dependence of refractive index on the r. f. power 
is shown in Fig. 16. Refractive index is higher at the 
lower r. f. power, indicating that excessive r. f. power 
reduces the refractive index of the films. 
Avaritsiotis et al 
20 
showed that the durability 
(in abrasion test) of Si02 and TiO 2 films produced 
by 
reactive r. f. bias ion plating using an SiO and TiO 
source respectively, is improved by using an argon- 
oxygen mixture. The effect of argon in the r. f. bias 
ion plating of TiO 2 was examined 
(Fig. 17). The 
deposition rate increased with increasing argon content 
but refractive index decreased. In this case, argon did 
not contribute to the improvement of the film structure. 
The influence of the working pressure was also 
examined. The rate decreased as the pressure was raised 
but the refractive index did not very greatly depend upon 
4 Tor the pressure in the range of 3x lO Torr - 7.5 x 10- 
q 
Although an electron beam gun can be operated at a pressure 
of more than 1x 10- 
3 
Torr by introducing a differential 
pumping system, the film properties are unlikely to be 
improved, because gas occlusion would become significant 
and this reduces the film density and refractive index. 
1 
4.4 Discussion 
4.4.1 Film formation mechanisms in ion plating 
The experimental results clearly show that low. 
pressure r. f. bias ion plating is a very useful method of 
obtaining high quality Ti02 film on insulating substrates 
at room temperature. The films formed under the 
optimized conditions showed very high refractive index, - 
high transparency in the visible range, strong adhesion 
and excellent hardness. These films have a homogeneous 
and equiaxed structure and a slightly larger crystalline 
size than those produced by vacuum evaporation, which 
have a columnar structure and fine crystalline size. 
These properties could be attributed to the ion 
bombardment, high reactivity and high surface mobility 
of the species, and thermal-energy given by high energy 
electrons. 
The film formation mechanisms involved in ion 
plating have been discussed by many workers. 
21'22 In 
our r. f. ion plating, however, the working pressure 
(3 -7x 10_4 Torr) was significantly lower than those 
conventionally used. At a low pressure, such as 
4 3-5 x lO Torr, the enhancement of the energy of the 
bombarding ions through reduced charge exchange 
collisions and/or high ions/neutrals ratio can be 
expected, which results in high reactivity and high 
surface mobility of the reactive gas ions and the metal 
ions. 
In this r. f. bias ion plating, the ion density 
and ion energy can be controlled by r. f. input power, 
The energy of ions depends on the potential difference 
between the plasma potential and the substrate potential. 
Since the r. f. matching network in the system was 
electrically symmetric (7r - network), the plasma 
potential was positive. Langmuir probe measurements 
gave plasma potentials of 205 volts with the r. f. set 
at 25W, and 525 volts when it was operated at 100W 
(Section 3.2.2). The respective r. f. potentials were 
approximately 850 V at 1510 V peak to peak. The pressure 
was 4x 10-4 Torr of argon (the measurements were carried 
out in an Ar plasma to avoid probe contamination). The 
mean free path at this pressure suggests that the ions 
bombarding the substrate with nearly ground potential 
have energies of up to 1 keV. This energy is considered 
to be high enough to create sufficient reactivity and 
surface mobility of the species and to give a sufficient 
ion bombardment effect during deposition. High energy 
particles sputter the weakly bonding atoms or molecules 
and only strongly bonded atoms or molecules remain, 
which resulted in the formation of a dense film, Also 
the ion bombardment during deposition prevented the 
formation of the brittle columnar structure with voids 
at the interface of each column. This was confirmed 
experimentally by SEM. 
Higher pressures reduce the mean free path and also 
the maximum in the distribution of ion energy, 
23 
and 
reduce the ions/neutrals ratio (via charge transfer 
processes 
24), 
which resulted in a reduction in reactivity 
and surface mobility of the species. Also high pressure 
deposition might cause a gas occlusion in the growing 
films and produce brittle film with a lower refractive 
index. 1 These pressure effects were experimentally 
confirmed by SEM, TEM and TED observation, 
4.4,2 The difference in Ti, T&O and TiO 2 source 
The effect of different starting materials (Ti, 
TiO, Ti203, Ti305, TiO 2) in vacuum evaporation of Ti02 is 
well documented by Pulker et al. 
2 
They showed that in 
the case of a Ti metal source only the Ti vapour 
species exists, and a constant and relatively high 
film index Crutile structure) is obtained from the 
beginning of the deposition, and both TiO and TiO 2 
sources lead to the formation of lower index film and 
instability in successive evaporations owing to thermal 
dissociation of the source materials. 
In the r. f. bias ion plating of room temperature 
substrates, it would appear that the same mechanisms are 
involved. The dependence of the refractive index of 
Ti02 films produced from Ti, TiO and Ti02 sources on the 
deposition rate differs (Fig*. 4, Fig. 12 and Fig. 15). 
This is because the amount of oxygen needed to form the 
Ti02 film is different with Ti, '7,. 'iO and Ti02 sources, and 
the surface mobility of the species and flexibility in 
crystal formation are different. 
In the case of an oxide with a high oxidation state, 
such as Ti02, the reaction of Ti02 vapour with oxygen on 
the substrate (not in the gas phase because of low pressure) 
was not predominant when producing Ti02, even if the 
Ti02 source was slightly reduced by the electron beam 
heating. This was clear from the fact that the refractive 
index of the films produced from TiO 2 only slightly 
depended on the deposition rate and pressure (. Fig. 15). 
The film structure did not depend on the ratio of the TiQx 
vapour and oxygen reaching the substrate. The significant 
difference between the r. f. ion plated films and the 
vacuum evaporated films was due to the bombardment effect 
during deposition. 
On the other hand, in the case-of the metal or 
oxide with a lower oxidation state such as TiO, the reac- 
tion with oxygen in the deposition process is predominant. 
If the ratio of Ti species and oxygen species reaching 
the substrate is suitable for the formation of TiO 2 with 
rutile structure and if these species have high reactivity 
and high surface mobility (. or high kinetic energy), 
TiO 2 films with the rutile structure will be produced even 
at room temperature, In fact, as shown in Fig, 4, high 
quality films were obtained in the transition region from 
transparent film to absorbing film. Excessive oxygen 
gas causes gas occlusions, which results in poor density. 
Shortage of oxygen produces absorbing non-stoichiometric 
TiOx Cwhere x< 2) film. Similar results were obtained 
for TiO 2 films by sputtering 
(see Chapter 7). Resputtering 
of the growing films by ion bombardment was significant 
and depended upon the r. f. input power. Therefore, the 
optimum deposition rate is dependent on the oxygen 
pressure and the r. f. input power. If the particles 
arrived as molecules, they could not move around the 
substrate surface sufficiently and this resulted in films 
with many defects or voids. This is considered to be a 
major reason why the highest refractive index films were 
obtained in the case of a Ti metal source. 
On the basis of the discussion above, optimization 
and precise control of the evaporation rate of metal 
and the oxygen pressure create possibilities for 
further improvement of the film properties. 
4.4.3 Adhesion mechanisms 
Adhesion is a very important problem in the 
practical usage of Ti02 films. As the scratch test 
revealed, the adhesion of Ti02 films onto glass and 
plastic substrate was very much improved by r. f. bias ion 
plating. In this ion plating, about 10 secs. were 
allowed to elapse from the start of the glow discharge 
to the opening of the shutter to initiate deposition in 
order to control the pressure and to match the r. f. 
supply. During this initial conditioning period, the 
substrate was exposed to the plasma and a film was formed 
on the ion bombarded surface. The sputter cleaning effect 
or surface modification of the substrate caused bythis ion 
bombardment was considered to contribute to the adhesion. 
This effect for SiO 2 on CR39 plastics has been reported. 
25,26 
Furthermore, Ti atoms and oxygen molecules are ionized 
and accelerated by the r. f, bias voltage and strike the 
substrate with high energy. The implantation or 
sputtering during the deposition is thought to produce an 
intermixing layer at the f ilmtsubstrate surface, which 
gives rise to the improved adhesion. (The detail is 
described in Chapters 9- 12. ) The formation of the 
intermixing layer in ion plated SiO 2 on CR39 was confirmed 
by AES analysis, 
25,26 
0 
In the experiments, thick Ti02 filets C> 1000 A) on 
plastic often showed fine cracks caused by stress. This 
problem can be prevented by cooling the plastic 
substrate sufficiently. 
4.5 Conclusions 
The formation of high refractive index TiO 2 films onto 
insulating substrates at room temperature can be achieved 
by low pressure r. f. bias ion plating. In fact, the films 
obtained under the optimized conditions using a Ti metal 
0 
source showed a high refractive index (2.49 at 6328 A for 
glass and 2.43 for PET), freedom from absorption in the 
visible range, strong adhesion and excellent hardness. 
The ion plated films also showed a homogeneous and 
equiaxed structure and larger crystalline size than 
those produced by vacuum evaporation, which have a 
columnar structure and fine crystalline size. These 
properties could be attributed to the ion bombardment 
during deposition, high reactivity and high surface 
mobility of the metal species and oxygen species and 
thermal energy given by the high energy electrons. The 
rate of evaporation has to be balanced carefully with 
the pressure of oxygen and the r. f. power applied; 
when this is done, refractive indices equivalent to 
those obtained at higher substrate temperatures can be 
achieved at room temperature. 
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Table 1 Stoichiometry of TiOx obtained by ESCA 
Sample %Ti %O %C 0/T 
(ASF2.13) (ASF1.0) (ASFO. 34) 
TiO tablet 34 51 15 1.5 
(fractured surface) 
11-19-4 20 45 35 2.2! 
(transparent n=2.49) 
11-19-4 38 57 5 1.5 
(2 min Ar+) 
11-17-1 25 50 26 2.0 
(strong absorption) 
11-17-1 39 61 0 1.7ý 
(2 min Ar+) 
2-25-1 26 52 22 2.0 
(strong absorption) 
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CHAPTER 5 Ti02 FILMS BY OTHER ION PLATING METHODS 
BASED ON AN ELECTRON BEAM EVAPORATION SOURCE 
ABSTRACT: 
To understand and optimize the ion plating methods 
based on electron beam evaporation source, a production of 
Ti02 films by r. f. ion plating, r. f. bias ion plating with 
an electron emitter, r. f. bias ion plating with an oxygen 
plasma source and ion plating with a saddle field neutral 
beam source have been carried out. 
In comparison with the influence of radio frequency. 
discharge the other techniques were not very effective. 
5.1. Introduction 
As described in Chapter 2, a variety of ion plating 
techniques based on electron beam evaporation are available 
by combining the techniques of the substrate bias and plasma 
activation. R. f. bias ion plating was one of the. methods 
which gave excellent results in the production of high 
quality Ti02 films on insulating substrates at room temper- 
ature. In fact, the films obtained under the optimized 
conditions using Ti metal source had. a high refractive index 
(2.49 at 6328R for glass and 2.43 for PET), were absorption 
free in the visible range with strong adhesion and excellent 
hardness. 
However, this method is not perfect. For a further 
improvement of the film properties, refractive index, density, 
hardness, adhesion and durability and to develop this system 
for commercial production, optimization or modification of 
this method is necessary. Therefore, it is important to 
understand the feature of other techniques. 
For the reason described above, the influences of 
other plasma activation methods were examined. The tech- 
niques used were r. f. ion plating, r. f. bias ion plating with 
an electron emitter, r. f. bias ion plating with an oxygen 
plasma source, ion plating with a saddle field neutral beam 
source. The pressure needed for the electron beam gun to 
operate satisfactorily was too low for ARE (activated 
reactive evaporation). 
5.2. Experimental details 
The apparatus used for the experiments is illustrated 
in Figure 1- Chapter 3. In the system, the substrate could 
be grounded, floated, d. c. biased or r. f. biased, and an 
additional d. c. electrode for ARE, an r. f. coil-(or ring) 
electrode for r. f. ion plating, an electron emitter and 
anode for triode type ion plating, an oxygen plasma source 
or a saddle field neutral beam source could. also be used. 
The techniques carried out are shown in Figure 1. 
For r. f. ion plating, the r. f. coil electrode (5 turns, 
150 mm ý) was placed directly above the evaporation source 
( (b) in Figure 1). The r. f. was generated by a 0.5 kw 
automatically controlled and tuned supply, Plasma Thermo 
HFS 500ß, and was applied to the r. f. coil electrode. The 
"L" network was used for r. f. matching (electrically sym- 
metric), which means the blocking capacitance is placed 
between the matching network and the r. f. coil electrode. 
As expected, the d. c. offset voltage observed was 240 - 250 V 
for an r. f. input Dower 6n to 7n w_ 
The electron emitter used here was a hot filament type 
(Triode Sputtering Accessory, Type AST-150A-005, Bendix). 
As shown in (d) Figure 1, electrons are emitted just beneath 
the substrate and collected at the anode (water cooled Cu 
plate, 50 mm positively biased at + 60V. 
Oxygen plasma was produced in a separate aluminium 
box, which had a small r. f. coil electrode (Cu) inside. The 
oxygen gas was admitted into the small box and the r. f. 
discharge was initiated by applying an r. f. voltage to the 
electrode. The plasma was extracted by a floated ring elec- 
trode through the small hole. The extracted oxygen plasma 
was observed visually as a blue discharge. 
The neutral beam gun used here was a saddle field fast 
atom beam source (Ion Tech. Ltd. B94). In this case, the 
substrate was placed on an aluminium plate ( (f) in Figure 1). 
5.3. Results 
5.3.1. The effects of an r. f. discharge on grounded sub- 
strates. 
To understand the effects of an r. f. bias on the sub- 
strate, the films were produced on the substrates held onto 
the grounded aluminium holder (B) in the r. f. bias plasma 
as shown in Figure 1(a). The results are shown in Figure 2 
in comparison with those for the samples placed on the r. f. 
biased holder (A). The films produced on the grounded sub- 
strates showed a similar maximum refractive index to the films 
produced on the biased substrates. This is quite reasonable. 
As shown in section 2 in Chapter 3, the system was electrically 
symmetric, which means the d. c. offset voltage at the biased 
holder was nearly zero to the ground potential and the plasma 
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potential is positively high (300 ti 500V for 100W - 150W r. f. ) 
Since both glass on PET substrates and Ti02 films are insula- 
ting, the substrate surface was at a floating potential but 
it was very small (20 ti 40V). Therefore, the energy distrib- 
ution of the ions or electrons and current density depended 
upon the potential difference between the plasma potential 
and the ground potential. A similar effect should be expected 
in both cases of position (A) and position (B). 
The difference in the optimum deposition rate was caused by 
the large difference in the positions of the relative sub- 
strates with the grounded substrate being by the chamber wall 
and thus offset from the main depositing vapour stream. 
5.3.2. R. f. ion plating 
One of the features of this technique is that the r. f. 
discharge power (ion density) and the d. c. acceleration volt- 
age (ion energy) can be controlled independently of each other. 
l 
I 
In this study however, Ti02 films were deposited onto the 
ground substrate to avoid any charging effect. The plasma 
potential was considered to be very close to the ground 
potential because of the presence of a blocking capacitance 
in the r. f. matching network (L-network). Therefore the 
potential difference between the plasma &, substrate--was--very 
small, which resulted in a small kinetic energy of ions. 
As shown in Figure 3, the maximum refractive index obtained 
was 2.3, which was not very high. However, transparent films 
were obtained even at high deposition rates (ti 10008/min). ]n 
the case of vacuum evaporation and r. f. bias ion plating, 
strongly absorbing films were obtained at the deposition rates 
of more than about 1508/min, where a blue discharge was 
observed around the source. It can be concluded that the 
reaction on the substrate was enhanced-by activation of the 
reactive gas molecules (oxygen) and the Ti vapour, but the 
energy was not enough to get dense Ti02 films. 
5.3.3. R. f. bias ion plating with an electron emitter 
The influence of electron emission from a hot filament 
in d. c. diode ion plating, known as triode ion plating2 is, 
well documented by Teer et al3'4. This produced a useful 
increase in ionization and can lower the permissible oper- 
ating pressure. In our system the discharge was produced 
only by an electron emission at a pressure of 3 ti 5x 10-4 
Torr. However, the Ti02 films obtained in this plasma showed 
similar properties to those of vacuum evaporated films. Then 
the effects of electron emission in the formation of Ti02 
films by r. f. bias ion plating from a TiO source were examined 
(Figure 4). The optimum deposition rate decreased with using 
an electron emission, which corresponds to the results in a 
lower r. f. power plasma. The reason was not clear. However, 
it can be said that plasma produced by r. f. bias had suffic- 
ient ionization, so the electrons emitted from the tungston 
hot filament did not contribute to increse the plasma 
density significantly. In the experiments, pure oxygen was 
used and it was found that the tungston was easily oxidized 
in this reactive atmosphere. Better stability would have 
been obtained by using argon and oxygen mixture. 
5.3.4. R. f. bias ion plating with an oxygen plasma source 
The combination of ion beam bombardment and electron 
beam evaporation was studied by Ebert 
5. 
and Allen6 to produce 
Si02 and Ti02 films from SiO and TiO source respectively. 
They used negative oxygen ions accelerated by a negative 
potential applied to the cathode in a hollow cathode type ion 
gun. The film properties were improved significantly by that 
technique. 
In the experiments the influence of the oxygen plasma 
which was generated by r. f. plasma in a small aluminium box 
was examined. Langmuir probe measurements showed that the 
plasma beam of oxygen added sufficient ions to double the 
plasma density, created by the r. f. bias. The effect of this 
plasma enhancement is demonstrated in Figure 5. The films 
were produced from a TiO source. The properties were 
improved a little, but the same effect could easily be 
achieved by varying r. f. power for the bias. 
Figure 6 shows the dependence of the refractive index on 
r. f. power for the bias. The ion current produced by the 
oxygen plasma source was so small that it was only effective 
at low r. f. powers. Although the r. f. generator was too small 
to obtain a sufficient ion current, it was proved that the 
plasma density could be controlled independently of the r. f. 
power for the bias by introducing another r. f. discharge and 
this led to improved film properties. 
5.3.5. Ion plating with a saddle field neutral beam source 
A neutralized ion beam (Ion Tech B94) proved to have 
such low emission at the main chamber pressure required for 
the electron beam gun (ti5 x lO-4 Torr) that it had little 
influence on the growth of the film. As shown in Figure 
7, the beam current was so small that the bombardment effect 
appeared only at the low deposition rate. The improvement 
of the refractive index was not as great as that achieved by 
other techniques. The higher peak energy that may be 
expected for the ions created in such a system (-, 5 keV) did, 
however, appear to create films with worse adhesion than by 
the r. f. bias technique. 
Figure 8 shows the emission current as a function of the 
chamber pressure. The net neutral beam current is proportion- 
al to the emission current and the beam energy to the d. c. 
voltage applied to the cathode 
77. High beam current would 
be obtained at high gas throughput. 
5.4. Discussions 
The role of ions during film formation by ion plating 
has not been elucidated sufficiently yet. It is suggested 
that ionization or activation of the metal species from the 
evaporation source and the reactive gas molecules enhance the 
reaction between the metal and the gas species. If those 
species have sufficiently high kinetic energy produced by 
acceleration owing to d. c. bias or r. f. bias to the sub- 
strate, the energy transfer frctn the species to the growing 
films increases their surface mobility and promotes crystal- 
lization without voids or defects. Furthermore, the bombard- 
ment effect increases the adhesive strength and the film 
density. 
As described in Chapter 4, low pressure r. f. bias ion 
plating is one of the techniques to satisfy these require- 
ments. However, although the plasma density can be increased 
by increasing the r. f. power, simultaneously the energy of 
ions increases. Excessive ion energy, in some cases, causes 
significant ion-induced damage, on the plastic substrate and 
reduced the durability of the film. Also, excessive ion 
energy promotes the decomposition or resputtering of the 
growing film, which could result in low quality films. 
Therefore, independent control of the ion energy and the ion 
density (ions/neutral ratio) is desirable. 
The electron emitter was useful in controlling the 
ion density and in reducing the working pressure in d. c. 
diode ion plating4. However, in r. f. bias ion plating, it 
had detrimental effect. Although this effect was not 
investigated in detail, it is unlikely that using an electron 
emitter would improve the film properties. 
The oxygen plasma source showed a little effect. However, 
it demonstrated the possibility that if the ion source were 
to provide sufficient ion current, it would help increase the 
ion density without increasing the ion energy and would 
improve the film properties. 
R. f. ion plating demonstrated interesting results. The 
mechanisms involved in this technique are similar to ARE, 
namely the plasma density is high between the substrate and 
the evaporation source and the evaporated particles or gas 
molecules are ionized in that region and accelerated (if 
the d. c. voltage is applied to the substrate) towards the 
substrate and enhance the reaction between the metal and the 
reactive gas. The difference is that the r. f. ion plating 
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is based on an r. f. discharge and the ARE is based on a d. c. 
discharge. However, the r. f. discharge is preferable to 
reduce the working pressure and to get improved control. 
On the basis of the discussion above, by combining r. f. 
bias ion plating and r. f. ion plating, independent control 
of ion energy and ion density may be possible. 
The usefulness of the neutral beam gun for the ion 
etching of dielectric films is reported by Revell . However, 
as shown in these results, it is unlikely to be useful as a 
method of improving the film properties in reactive evapor- 
ation. One limitation is the reactivity, because the neutral 
beam (supposing the beam is really neutral) has less reactiv- 
ity than ions. Another limitation is a relation between beam 
current and the pressure, because high gas flow is necessary 
to get high beam current, which means high pressure is neces- 
sary. The ion current in this gun is too small to operate 
at a low pressure of ti 10-4 Torr. 
5.5. Conclusions 
A production of Ti02 films by r. f. ion plating with an 
electron emitter, r. f. bias ion plating with an oxygen plasma 
source and ion plating with a saddle filed neutral beam 
source were examined to understand and optimize the ion 
plating techniques based on an electron beam evaporation 
source. In comparison with'the influence of the radio 
frequency discharge the other techniques had little effect 
in producing active oxygen. 
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CHAPTER 6 Si3N4, 'SiO7 FILMS PRODUCED BY REACTIVE R. F. BIAS 
ION PLATING 
ABSTRACT: 
The preparation of high quality Si02 and Si3N4 films by 
reactive r f. bias ion plating using a silicon metal source 
was carried out. Transparent silicon dioxide films with the 
refractive index of 1.47 (at 6328Ä) and transparent silicon 
nitride film with the refractive index 2.0 were obtained in 
an oxygen plasma and in a nitrogen plasma respectively. 
The effectiveness of low pressure r. f. bias ion plating for 
other materials besides Ti02 was proved. 
6.1. Introduction 
It has been proved that reactive r. f. bias ion plating 
is useful in producing high quality Ti02 films on glass or 
plastic substrates. In order to confirm whether this method 
is effective for other materials, production of Si02 and Si3N4 
films from Si source was studied. 
Optical Si02 films can be obtained by reactive evaporation 
of SiO from a boat 
l, 
electron beam evaporation of Si02 or 
r. f. sputtering of quartz. However, it is difficult to get 
dense films with a low refractive index (the refractive index 
of quartz is 1.46) on the room temperature substrate. 
Although we can make low refractive index Si02 films by 
depositing at high pressure, such films are'brittle and 
porous. To get high quality Si02 film on room temperature 
substrate, plasma CVD2 and photo-induced CVD3 have been tried 
by some workers. Ebert4 reported that activated reactive 
t 
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evaporation, which is based on an oxygen ion source, improves 
the properties of silicon dioxide films. Allen5 also used 
the same type of gun as Ebert and reported the effect of an 
ion beam on the film properties of silicon dioxide. Silicon 
monoxide was used in both cases as the source material. Reac- 
tive sputtering from an Si target was reported by Pawlewicz6. 
He obtained silicon dioxide, silicon oxynitride and silicon 
nitride by changing the reactive gas. The deposition of 
Si02 and Si3N4 film by reactive r. f. bias ion plating based 
on electron beam evaporation of Si metal would be a more 
productive technique. 
A preparation of Si3N4 film by the ion beam method , 
reactive sputtering 
8'9'1O, 
r. f. ion plating 
ll, 
or by r. f. bias 
ion plating12 have been reported. However, in both ion platinc 
-3 2 high pressure (10 10- Torr) and high temperature (> 2500C; 
'' 
substrates were used. The preparation and characterization 
of silicon nitride films was reviewed by Morosanu13. 
It is very difficult to form silicon nitride film on room 
temperature substrates (glass or p'lastic). There is no 
successful method for this purpose. We have tried to produce 
Si3N4 film on room temperature substrates by reactive r. f. 
bias ion plating in nitrogen plasma. 
6.2. Experimental details 
The r. f. bias ion plating apparatus has been described in 
Chapter 3. The substrates used here were slide glass and PET 
sheet. They were water-cooled during deposition. 
After evacuating the system to 1 ti 2x lO-5 Torr, silicon 
was heated by an electron beam and the oxygen gas or nitrogen 
gas was introduced and the r. f. bias discharge was initiated. 
In this system 10 - 20 sec were allowed to elapse from the 
start of the glow discharge to the opening of the shutter 
to initiate deposition in order to control the pressure and 
to match the r. f. supply. 
The film thickness and refractive index were determined 
by ellipsometer. The structural properties were evaluated 
by ESCA. 
6.3. Results 
6.3.1. Si02 
6.3.1.1. Optical properties 
The dependence of the refractive index of silicon dioxide, 
produced by r. f. bias ion plating, on the deposition rate is 
shown in Figure 1 in comparrison with vacuum evaporated SiOx 
films. The pressure was maintained at 2.7 x 10-4 Torr during 
deposition and only oxygen gas was introduced. The refractive 
index (at 63288) of the vacuum evaporated films did not fall 
below 1.56 even if the rate was changed. On the other hand, 
the refractive index of the r. f. bias ion plated films 
approached the bulk value 1.46 with decreasing deposition 
rate. Higher refractive indices formed at the higher rates 
is owing to a formation of nonstoichiometric silicon oxide 
film. 
6.3.1.2. Structural Properties 
ESCA is useful to investigate the chemical structure of 
non-crystalline materials. The solid lines in Figure 2 show 
the silicon 2p and oxygen is ESCA spectra for ion plated and 
vacuum evaporated films. 
An ion plated film (refractive index 1.477, r. f. power 100W, 
emission current 80mA) shows the symmetric Si2p peak. Assuming 
carbon is peak of surface contamination is at 284.8 eV the 
binding energy of Si2p is 103.1eV. This coincides with the " 
value for bulk Si0214. The oxygen is peak is also symmetric 
and the binding energy of 532.6eV is in good agreement with 
14 
the value for Si02. 
The broken lines in Figure 2 show the ESCA spectra after 
Ar ion etching was carried out to remove the surface layer, 
which might be different from interior bulk structure. There 
is no difference in the structure because Si02 is stable in 
Ar ion irradiation. On the other hand, \although'the lowest 
refractive index film was selected, the Si2p spectra for 
vacuum evaporated film had a small peak on the low energy 
side. This small peak was assigned to the silicon suboxide 
possibly silicon monoxide. The vacuum evaporated film was 
therefore a mixture of silicon dioxide and silicon monoxide. 
Figure 3 shows the dependence of the film composition 
obtained from ESCA spectra on the deposition rate. The 
surface before Arion etching has excess oxygen, but the 
surface after etching shows a O/Si ratio of approximately 
2.0. On the other hand, the vacuum evaporated film after Ar 
etching is clearly non-stoichiometric. The compositional 
change by Ar ion etching is larger than that in ion plated 
film, indicating that the film is porous and that the surface 
is easily oxidized by exposure to air. 
6.3.2. Si3N4 film 
6.3.2.1. Optical properties 
By changing the gas from oxygen to nitrogen silicon 
nitride films were obtained. Figure 4 shows the deposition 
rate-as a function of the emission current of the electron 
beam-gun. All vacuum evaporated films showed strong absorp- 
tion throughout the visible spectrum. The deposition rate 
of the r. f. bias ion plated film depends upon r. f. power and 
pressure. The ion plated film produced at the optimum 
deposition rate were absorption free and showed high reflection 
throughout the visible spectrum. The optical spectra of some 
samples are shown in Figure 5. Figure 6 shows the refractive 
index as a function of the deposition\rate with the refractive 
index increasing with increasing deposition rate. The films 
formed under the condition of 100W r. f. power and 1408 /min 
deposition rate showed a bulk refractive index of 2.0. The 
refractive index of vacuum evaporated films also increased 
with an increasing deposition rate, but the films had a strong 
absorption in the short wavelength-region. The properties of 
the films produced under the r. f. power of less than 20w 
showed strong absorption. The films of 2.0 refractive index 
were obtained in the range of 50W to 100w with an emission 
current of 115mA and a pressure of 2.7 x 10_4 Torr. Figure 8 
shows that silicon nitride films with a refractive index of 
2.0 can be obtained in the transition region from transparent 
film to absorbing film but that a higher r. f. power is needed 
for a larger deposition rate. 
6.3.2.2. Structural properties 
ESCA Si2P, Nls and Ols signals from the surface of the 
silicon nitride films with a refractive index of 2.0 are 
shown in Figure 9, in comparison with those for vacuum 
evaporated film. The Si2p spectrum is symmetric and the 
binding energy determined from the Cls peak of 284.8eV is 
102eV, which is very close to the value for CVD Si3N4 film 
° 15 exposed to air at 25C reported by Raider et a1. However, 
a significant amount of oxygen is observed. After Ar ion 
etching of 1 min, the oxygen is reduced but it does not 
disappear and Si2p spectrum does not change. 
On the other hand, the Si2p spectrum for vacuum evapor- 
ated film has two peaks, indicating the presence of a mixture 
of Si metal and SiO and no silicon nitride phase was 
observed. Even in a pure nitrogen atmosphere, silicon does 
not react with nitrogen because the reactivity of'both 
species is less. In preference the silicon atoms react with 
the residual oxygen or the oxygen desorbed from the chamber 
wall. This difference in reactivity between the r. f. bias 
ion plating and the vacuum evaporation is significant. 
Therefore, the absorption in the visible region of vacuum 
evaporated film is due to Si and SiO. 
Figure 10 shows the Si2p spectra of the films produced 
under the different conditions. All of the ion plated films 
have a symmetric signal, indicating no existence of metallic 
Si. Vacuum evaporated film include Si metal even at a 
slow deposition rate. 
Figure 11 shows the dependence of the film composition 
determined from the peak area ratio of ESCA spectra on 
deposition rate. The compositions after Ar ion etching, 
carried out to remove the surface contamination layer, are 
also shown in the figure. The nitrogen content in ion 
plated film does not strongly depend on deposition rate, but 
the oxygen content decreases with increasing rate. At a 
slow deposition rate, the silicon atoms react with residual 
oxygen species. The film with refractive index of 2.0 shows 
a constant nitrogen content and it does not change after Ar 
ion etching. Therefore, the surface is oxidized on. exposure 
to air after deposition. The composition of the film with 
refractive index of 2.0 after Ar ion etching is Si N O. 9 0o*3' 
On the other hand, the vacuum evaporated film has no 
nitrogen, the surface layer is silicon dioxide, but the 
inside of the film is non-stoichiometric oxide. Silicon 
oxide is stable under Ar ion bombardment, the non-stoichio- 
metric oxide was not produced by Ar ion irradiation. 
Figure 12 shows the dependence of the film composition 
on r. f. input power. Oxygen content is small at an r. f. power 
of 100W to 150W, however, nitrogen content is almost constant 
at r. f. power more than 50W. 
6.4. Discussions 
From the dependence of the refractive index of silicon 
dioxide on deposition rate, the optimum deposition rate is of 
the order of 100 R/min. This is in good agreement with the 
result for titanium dioxide formation. The optimum rate for 
silicon nitride appears to be larger than that for silicon 
dioxide and titanium dioxide. This reflects the difference 
in atomic ratio in Si02 or Ti02 and Si3N4, namely the number 
of the reactive gas molecules needed for Si3N4 formation is 
smaller than that for Si02 or Ti02 formation. The balance 
of the deposition rate, the pressure of the reactive gas and 
the input r. f. power is critical in this reactive r. f. bias 
ion plating. 
The oxygen observed in ESCA spectra for silicon nitride 
was significant. Oxygen impurity in the deposited films 
comes from the desorption of water or oxygen from the chamber 
wall. Oxygen atoms or ions are much more reactive than 
nitrogen and so the oxide phase is produced even in a nitro- 
gen atmosphere containing a small amount of oxygen. Also 
the fresh surface is easily oxydized by an exposure to air. 
Even with Ar ion etching in ESCA, it is difficult to remove 
the oxide layer completely. However, the refractive index 
of the best sample was 2.0 at 63288 with no absorption in the 
visible range, indicating that the film is silicon nitride 
(or silicon oxynitride), not silicon monoxide. This suggests 
that transparent films with a refractive index 1.47 to 2.0 
can be easily obtained by varying the nitrogen/oxygen ratio. 
Chen et a112, used NH3 gas for producing silicon nitride 
film by r. f. bias ion plating. However, the pressure was 
relatively high (10-2 ti 10-1 Torr). In a high pressure plasma, 
the energy of the species is small and the ions/neutrals 
ratio is small owing to gas collisions. This is a possible 
reason why silicon nitride films could not be obtained using 
a pure nitrogen plasma. 
Fukutomi et alll used r. f. ion plating with d. c. bias 
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at high substrate temperatures, the pressure was also high 
and the silicon nitride film was non-conductive. Therefore, 
it is considered that the d. c. voltage applied to the sub- 
strate was ineffective for the acceleration of the particles. 
Silicon nitride films made on glass showed poor adhesion. 
TiN films obtained by the r. f. bias ion plating or d. c. 
magnetron sputtering also showed similar results, even if the 
substrate was bombarded in a glow discharge. One reason 
is possibly that there was less chemical interaction between 
glass and film. In the nitrogen atmosphere or argon/nitrogen 
atmosphere, the glass surface is not oxidised. Possibly 
oxygen is removed from the surface which means the surface 
has less oxygen, and the films also have less oxygen and 
it 
does not form a strong chemical interaction between the 
film 
and the substrate. On the other hand the oxide films showed 
excellent adhesion when we used ion plating techniques. 
To 
improve adhesion of Si3N4 films stronger bombardment prior 
to deposition or a very thin oxide under-coating is necessary. 
6.5. Conclusions 
By reactive r. f. bias ion plating of Si, Si02 films and 
Si3N4 films have been produced on glass and plastic substrates 
at room temperature. The silicon dioxide film deposited 
in oxygen plasma at a pressure of 3x 10-4 Torr showed 
excellent transparency through the visible spectrum, a low 
refractive index (1.47 at 6328R), excellent hardness and 
strong adhesion. Silicon nitride films obtained in a 
nitrogen plasma at a pressure of 3x 10-4 Torr also showed 
excellent transparency and a refractive index of 2.0 at 
6328k, which is in a good agreement with the bulk value, 
although the film contains a significant amount of oxygen. 
i 
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CHAPTER 7 TiO2 FILMS' DEPOSITED BY REACTIVE D. C. MAGNETRON 
SPUTTERING WITH R. F. ENHANCEMENT 
ABSTRACT: 
Optical Ti02 films were formed on glass and PET 
substrates at room temperature by d. c. planar magnetron 
sputtering, d. c. planar magnetron sputtering with an r. f. 
coil (or ring) electrode (r. f. enhanced d. c. magnetron 
sputtering), and with r. f. bias to the substrate. It has 
been found that better films, defined by their closeness 
to bulk refractive index together with good adhesion, were 
obtained when the pressure was much lower than those conven- 
tionally used and was typically 3-6x 10-4 Torr. 
7.1. Introduction 
The desirable properties of Ti02 as coating materials 
have already been described (Chapter 4). Optical Ti02 films 
have been shown to be obtainable by both evaporative and 
sputtering methods. The conclusion from these reported 
techniques was that a partial pressure of oxygen and elevated 
substrate temperature was necessary to achieve the best 
properties whatever source material was used. Sources 
included Ti02, TiO and Ti for evaporation 
l, 
Ti for d. c. and 
r. f. sputtering 
2'4'S 3 
and Ti02 for r. f. sputtering. 
The aim is to create an optimum technique which could 
form films with the best possible properties on substrates 
at room temperature. Accordingly techniques which would 
result in a high surface energy on the substrate or growing 
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film without using the temperature effect are needed. 
Techniques which satisfy such requirements use high 
energy species created in a gas discharge. As described 
in Chapter 4, reactive r. f. bias ion plating based on electron 
beam evaporation is one of the techniques selected for this 
purpose. High quality Ti02 film with a refractive index 
of 2.49 (at 633 nm), high transparency, excellent hardness 
and strong adhesion were obtained on room temperature glass 
substrates. 
Another way of obtaining high surface energy in a growing 
film is to use a depositing species which has high energy and 
can be neutral. Such a deposit is obtained in low pressure 
sputtering, typically from a planar magnetron source. 
As described in Chapter 2, a variety of techniques are 
available by combining the plasma activation method (Table 1 
in Chapter 2) and this d. c. planar magnetron source. However, 
on the basis of the results obtained in ion plating based 
on an electron beam evaporation source, the d. c. planar 
magnetron sputtering of the metal in an atmosphere of argon 
and oxygen with the possibility of further r. f. enhancement 
was chosen. 
7.2. Experimental details 
The apparatus used. is illustrated in Figure 3, Chapter 4. 
The r. f. enhanced d. c. magnetron sputtering was carried out 
by applying an r. f. voltage (Plasma Thermo HFS 500 E) to an 
aluminium coil (2 turns, 210 mm in diameter) placed between- 
target and substrate. The target - substrate distance was 
14 cm .A Ti*metal plate (99.9% in purity, 202 mm in 
diameter and 5 mm in thickness) was used as a target. 
R. f. bias d. c. magnetron sputtering was carried out by 
applying r. f. voltage (Bendix TYPE AST-150A-004, R. F. 
Sputtering Accessary) to the water cooled substrate holder. 
Micro slide glasses (Chance Pilkinton Proper Ltd) and 
flexible plastic sheets of P. E. T. (ICI - Melinex) were 
used as substrates. The films were characterized principally 
by their refractive-index, which was measured using an 
ellipsometer used with a He-Ne laser at 633 nm. ESCA (VG 
Scientific ESCA LAB Spectometer), transmission electron- 
microscope (JEOL, JEM-100CX) were also used for characterizing 
the films. 
7.3. Results 
7.3.1. D. C. magnetron sputtering. I 
In this experiment the Ar gas was set at a constant 
flow and the total pressure was controlled by introducing 
oxygen through the automatic pressure controller. As 
Schiller5 et al reported for d. c. magnetron and Pawlewicz4 
for r. f. diode sputtering, the partial pressure of oxygen 
affects the discharge conditions and film properties. This 
is shown in Figure 1. The total pressure was maintained at 
9.8 x 10-4 Torr (1.3 x 10-1 Pa) and target current at 720rA. 
Partial pressure of oxygen, P02, in this case means the 
difference between total pressure, Ptotal and initial argon 
pressure, PAr, namely P02 = Ptotal - PAr" Although the d. c. 
power input, the total pressure and some other conditions were 
different from those in Schiller's experiment, similar 
behaviour was observed in the target potential (VT) deposition 
rate and refractive index. 
Figure 2 shows the dependence of the deposition rate an 
refractive index of Ti02 films produced by reactive d. c. 
magnetron sputtering on the sputtering pressure. In this 
experiment, the partial pressure of oxygen was maintained as 
low as possible in the range where titanium metal film is not 
deposited. The discharge colour showed critically the 
transition from oxide film formation to metallic film form- 
ation. The d. c. input power was maintained almost constant. 
As the pressure was reduced, refractive index and rate 
increased. At a high pressure, great difficulty was 
experienced in maintaining stability in the transition 
region. This difficulty was minimised by a reduction in the 
pressure and the target surface was maintained in the metal 
state. However 7.5 x 10-4 Torr (1 x 10-1 Pa) was approx- 
imately the lowest limit of the working pressure in our 
sputtering system. 
7.3.2. R. F. enhanced d. c. magnetron sputterinq 
To reduce the working pressure more, an r. f. coil was 
introduced between target and substrate. This was named 
'1-. f. enhanced d. c. magnetron sputtering". The discharge was 
maintained even at a pressure of 2.3 x lO-4 Torr (3 x 10-2 Pa) 
by adding an r. f. discharge to a d. c. _ 
magnetron. 
Figure 3 shows the refractive index of the film obtained 
by this method as a function of the pressure. High quality 
films with a refractive index of 2.43 were easily obtained 
on room temperature glass substrates. As the pressure is 
reduced the target voltage was increased and the target 
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surface was maintained in the metal state, so the deposition 
rate increased for the same target current. The sputtering 
conditions were relatively stable in spite of the fluctuation 
in the partial pressure of oxygen. The target surface after 
deposition carried out under optimum conditions was always 
in the metal state and homogeneous erosion of the target was 
observed. 
Figure 4 shows the effects of the sputtering pressure 
ratio Pp2/Ptotal. Although the data is insufficient to 
derive definite conclusions, it can be seen that the refrac- 
tive index shows a maximum value at a certain partial pressure 
of oxygen, and the deposition rate increases and the target 
voltage decreases as the partial pressure of oxygen is reduced, 
but maintaining the total pressure constant. 
Figure 5 shows the TED patterns and TEM images of the 
films deposited on cellulose acetate plastic sheet by r. f. 
enhanced d. c. magnetron sputtering and by conventional d. c. 
magnetron sputtering. There is a significant difference 
between the pictures. Fig. 5a shows very fine crystallites 
approaching an amorphous structure and homogeneous in thick- 
ness, whereas Fig. 5b shows larger crystallites and an 
inhomogeneous thickness. 
7.3.3. R. F. bias d. c. magnetron sputtering 
The merit of this method is that energy and the current 
of ions directed towards the substrate can be controlled 
independently of the sputtering rate (or d. c. power supplied 
to the target). In addition, this method is useful to 
improve the film adhesion because of the high energy ion 
bombardment prior to and during deposition. 
The refractive index and deposition rate of the Ti02 
films is shown in Figure 6 as a function of the d. c. input 
power supplied to the target (target potential x target 
current). A similar rate. dependency was observed to that in 
r. f. bias ion plating. The optimum deposition rate is 
about 1208 at a pressure of 4x 10-4 Torr (5.4 x 10 
-2 Pa). 
Figure 7 shows the dependence of the-target voltage, 
deposition rate and the refractive index on initial argon 
pressure PAr ( Ptotal P02)" The best film was obtained 
at a very small partial pressure of oxygen. However, it 
should be noted that most of the oxygen is consumed in the 
reaction so actual flow ratio, "F02/FAr is larger than partial 
pressure ratio, P02/PAr' 
7.4. Discussions 
The films obtained by d. c. reactive planar magnetron 
sputtering have been well documented by Schiller et a15 and 
their results were confirmed in this study. What is not 
made clear in their paper is the great difficulty experienced 
in maintaining stability in the region of the characteristics 
that give the highest refractive index. 
When operating in the correct region, consider there is a 
small random rise in the pressure of oxygen, it will cause a 
slight increase in the area of the cathode which is oxidised 
which will lower the rate of metal sputtering. This will 
result in less oxygen being required to make the oxide on 
the substrate so that for a fixed oxygen input into the 
chamber the pressure will rise and the process will "lock-on" 
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to a fully oxidised target. Similarly, the system may well 
"lock on" to a metal rich regime. These processes occur 
faster than process parameters can be manipulated. 
One solution to this problem is a gas pulsing technique6. 
However, the problem is also minimized by-reducing working 
pressure. Actually, the sputtering conditions were able to 
be maintained relatively stable at a pressure of less than 
1x 10-3 Torr, and the target surface remained in the 
metal state. Also, the refractive index increased with a 
slight increase in the deposition rate as the pressure was 
reduced (Figure 2). In addition, success in low pressure 
ion plating as described previously led to reducing the 
working pressure in d. c. magnetron sputtering. To reduce 
the working pressure, an r. f. coil (or ring) electrode was 
introduced between the target and the substrate. This method. 
was named "r. f. enhanced d. c. magnetron sputtering". The 
magnetron discharge was maintained even at 2.3 x lO-4 Torr 
(3 x 10-2 Pa) by adding the r. f. discharge. The effect of 
the r. f. coil on the reactivity between Ti metal and oxygen 
is described in r. f. ion plating in Chapter 5. 
In the pressure range 2 ti 7x 10-4 Torr (3 ti 9x 10-2 Pa) 
inelastic collisions in the gas phase are negligible owing 
to the long mean free path. The plasma in the d. c. magnetron 
is localized by the magnetic field and most of the sputtered 
particles are neutral. However, 'they have high initial 
kinetic energy (10eV -- 100eV). At a low pressure, they 
7 
reach the substrate without losing their energy. 
The Plasma density of the discharge produced by an'r. f. field 
applied to the coil electrode is high inside the coil. This 
was visually observed and it was confirmed that the plasma 
was focused onto the substrate by the magnetic field of 
the d. c. magnetron. The r. f. field promotes ionization and 
increases the plasma density. Therefore, the sputter rate 
did not decrease although the working pressure was reduced to 
ti 10-4 Torr (ti 10-2 Pa). The increase in the target voltage 
as the pressure was reduced indicates an increase of the 
plasma impedence. However, the plasma was sustained by the 
r. f. field and the deposition rate increased when the target 
current was maintained constant. 
In this low pressure region, the ions/neutrals ratio of 
the oxygen atoms should be high, and their kinetic energy 
should also be high, because they are accelerated by the 
electric field in the d. c. magnetron. High reactivity and 
high surface mobility of the metal species and reactive gas 
species can be expected. Therefore, the oxygen is consumed 
very effectively in the reaction on the substrate surface. 
Since the absolute amount of oxygen is small, the target 
surface can be easily maintained in the metal state. The 
single atoms or ions sputtered from the metal target have a 
higher mobility and a larger number of bonding options than 
those of molecules, which results in a film grown with high 
crystallinity and freedom from defects or voids. In addition, 
since the sputter rate of the metal target is higher than that 
of the oxide, the deposition rate does not decrease as the 
pressure is reduced. Also, since the absolute amount of 
oxygen is small, the fluctuation of the pressure does not 
affect the target surface state. These effects contribute 
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to the relatively stable sputter conditions and the preven- 
tion of the "lock-on-phenomena". 
Another way to sustain the d. c. magnetron plasma is 
the introduction of an r. f. bias to the substrate. In this 
method, however, the minimum operating pressure was ,. '4 x 10-2 
-2 Torr (ti 5x 10 Pa), slightly higher than that in'the r. f. 
coil electrode system. For commercial applications, the 
r. f. substrate bias system has a disadvantage in comparison 
with the r. f. coil system. An r. f. coil is easily introduced 
in the conventional magnetron sputtering apparatus, the r. f.. 
bias is more difficult. Furthermore, as shown in the results, 
the Ti02 film obtained by r. f. bias sputtering exhibited a 
smaller refractive index (2.3). that those in r. f. enhanced 
d. c. magnetron sputtering (2.43). In the r. f. bias system, 
the energy and current density of the ions reaching the 
substrate was significantly high and this causes a decompo- 
sition or resputtering of the growing films. If the rate, 
the r. f. power and the partial pressure of oxygen are balanced, 
high quality films can be obtained. In addition, the bombard- 
ment by high energy particles removes the weakly bonding 
species and prevents columnar structure formation, which 
results in a dense and void or defect free film formation. 
Better film might be obtained by optimizing r. f. power to 
the substrate. However, since the sputtered particles have 
high initial kinetic energy any additional acceleration is 
not absolutely necessary. The r. f. bias method is very 
effective for improving the adhesion because of the strong 
bombardment effect. 
When the deposition rate is 100 ä/min, the total 
pressure 5x 10-4 Torr and the partial pressure of oxygen 
2'x 10-4 Torr the ratio of rate of arrival of oxygen 
molecules to the rate of arrival of Ti atoms is estimated 
to be of the order of 10 ti 100 by simple calculation . 
Excess oxygen is necessary to obtain stoichiometric oxide. 
This is because the sticking coefficient of metal species 
and gas species is significantly different. 
As the oxygen partial pressure was reduced the sputter 
rate increased. However there is a limit to the deposition 
rate because the rate and the oxygen partial pressure should 
be balanced (as described above). If the sputter rate is 
increased, for example by applying more d. c. power, the 
number of oxygen species arriving at the substrate should 
be increased. In this situation the flux density of the 
metal species and the flow rate (or the partial pressure) 
of the oxygen species is increased which might reduce the 
average kinetic energy of the species. However the total 
pressure may not change significantly because most of the 
oxygen species are consumed in the reaction. 
7.5. Conclusions 
I. Low pressure sputtering with r. f. enhancement has 
proved to be suitable for optical-coating on glass or 
plastic substrates at room temperature. 
II. In particular, high quality Ti02 (n = 2.43) films were 
easily obtained by r. f. enhanced d. c. magnetron sputtering 
from a Ti metal target, in which the working pressure 
was 2 ti 5x 10-4 Torr. 
III. During that sputtering, the target surface was able to be 
maintained in the metal state, which gave a relatively 
high rate and stable sputtering conditions. 
IV. The rate dependency of the film properties owing to the 
decomposition or resputtering by ion bombardment during 
deposition, which was found in r. f. bias ion plating, 
was observed also in r. f. bias d. c., magnetron sputtering. 
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CHAPTER 8 TiN FILMS PRODUCED BY REACTIVE D. C. 
MAGNETRON SPUTTERING WITH R. F. ENHANCEMENT 
ABSTRACT: 
A production of semitransparent TiN films by 
reactive d. c. planar magnetron sputtering with r. f. 
enhancement has been investigated for solar control 
applications. It was found that low pressure sputtering, 
in particular with an r. f. coil electrode (which was 
named r. f. enhanced d. c. magnetron sputtering), was 
very effective to form TiN films equivalent to those 
prepared on high temperature substrates. By using this 
technique, solar control filrr (TiO2/TiN/TiO2) were 
obtained on room temperature substrates. 
8.1 Introduction 
TiN has received much attention during the last 
few years, because TiN is optically similar to gold in 
the visible and is sometimes used as a durable imitation 
gold coating, and as it is very hard it is also used as 
a hard coating for cutting tools. Thin titanium nitride, 
however, exhibits selective transmission similar to 
thin silver and gold films and it is an alternative to 
I 
the conventional noble metal and metal oxide films which 
are well known heat-mirror materials. 
) 
Titanium nitride films can be deposited by several 
methods. (1) CVD2' 
3' 4, (2) plasma CVD5, (3) r. f. 
l 6,7 sputtering (4) reactive sputtering'7, (5) d. c. 
magnetron sputtering1'8, (6)ion plating9, (7) ARE10, 
ll (8) triode type ion plating_ 
Most of these investigations were done for the 
hard coating applications, where the film thickness 
was of the order of several microns and the substrate 
temperature was extremely high (> 3000). 
Titanium nitride films for optical applications 
have been studied by Karlsson et al. 
4,1 
The aim was to produce a solar control film of 
Ti02/TiN/Ti02 on a glass or plastic substrate at room 
temperature. There is no report of thin TiN films 
having been deposited onto plastic sheet. 
8.2 Experimental details 
The same sputtering apparatus used for TiO 2 
production was used also for this experiment. TiN is 
conducting and so acceleration by d. c. bias to the 
substrate was possible instead of the r. f. bias. However, 
because of the necessity of a low working pressure, an 
r. f. bias or r. f. ring electrode was used for r. f. 
enhancement. 
The film properties were evaluated by transmission 
and reflection spectra measurements using a Perkin Elmer 
323 (0.34--2.7 pm) and a Perkin Elmer 177 (2.5 pm 10 pm)_. 
Where the films were very thick and opaque and the 
reflection from the back surface of the glass substrate 
is illuminated, the optical constants (n & k) were able to 
be determined by ellipsometry. Hall effect measurements 
were used to obtain the sheet resistance R (S2/0), 
resistivity p (S2 . cm) , carrier concentration Ne 
(1/cm3) 
and Hall mobility PLC (cm2/V"sec). TEM, TED, EPMA and 
ESCA were also used for film characterization. In EPMA, 
the peak intensity of TiKa from Ti02 film relative to 
CaKa from the glass substrate was used to quantify 
titanium on the substrate. 
8.3 Results 
8.3.1 Reactive d. c. magnetron sputtering 
Fig. 1 shows the dependence of the transmission 
and reflection spectra of TiN films produced by reactive 
d. c. magnetron sputtering on sputtering gas pressure. 
In this experiment, Ar gas flow was maintained constant 
and the total pressure was controlled by introducing 
nitrogen through the variable leak valve. The partial 
pressure of nitrogen, which affects the discharge 
conditions and the film properties significantly, was 
maintained as low as possible in the range where 
titanium metal film is not formed. As shown in the 
figure, TiN films with high i. r. reflection were not able 
to be produced at high pressure and the optical properties 
became close to those of TiN bulk as the pressure was e 
reduced. 
The target potential (VT) during sputtering, TiKa 
peak intensity relative to CaKa in EPMA measurements, 
sheet resistance (R) and Hall mobility (PH) of the films 
are shown in Fig. 2 as a function of the sputtering 
pressure. The effect of pressure on the deposition 
rate is obvious. This is due not only to an increase 
in the target voltage, but also to an increase in the 
sputter yield and a reduction of the scatter loss. The 
reduction of the deposition rate at a low pressure 
6.5 x lO-4 Torr (8.5 x 10 -2 Pa) is possibly due to a 
reduction of the plasma density. The electrical 
properties are also greatly improved. The increase of 
PH indicates a significant change in the film structure. 
The reflection edge and i. r. reflection (Fig. 1) are 
closely related to the electrical properties. 
8.3.2 R. f. enhanced d. c. magnetron sputtering 
It was found that good quality titanium nitride 
could be produced by low pressure reactive d. c. magnetron 
sputtering. However, the working pressure in magnetron 
sputtering was usually more than 1x 10- 
3 
Torr, depending 
on the system. In order to reduce the working pressure 
and increase the plasma density, additional r. f. discharge 
enhancement was introduced. This was named r. f. 
enhanced d. c. magnetron sputtering. In this method, an 
r. f. coil was placed between target and substrate and the 
minimum working pressure was reduced to 2x lO 
4 Torr 
(2.5 x 10-2 Pa). 
Fig. 3 shows the dependence of transmission and 
reflection spectra of TiN films produced by r. f. 
enhanced d. c. magnetron sputtering on the film thickness. 
The argon pressure was 2.6 x lO 
4 
Torr (3.5 x 10 
2 
Pa) 
and the total pressure after introducing nitrogen was 
2.9 x lO-4 Torr (3.8 x 10-2 Pa). The r. f. input power was 
approximately 60W and d. c. self bias of the coil was 
approximately 240V. The film showed a golden reflection 
colour as indicated also by the spectra. The optical 
properties were very similar to those reported by 
Valkonen et all. These high quality TiN films were 
obtained also on PET substrate. 
Fig. 4 shows the influence of the pressure in the 
range of 2-8 x 10-4 Torr (3-10 x 10-2 Pa). Since the 
film properties were strongly affected by the partial 
pressure of oxygen, the effect of total pressure is not 
reflected clearly. However, it is obvious that the 
target potential increases as the pressure is reduced, 
which results in an increase in deposition rate at the 
same target current. TiN films with high i. r. reflection 
were easily obtained in this pressure range of 
2-8 x lO-4 Torr (3-1O x 10 
2 Pa). 
Fig. 5 shows the dependence of the spectra of the 
films on the argon partial pressure. As the argon 
partial pressure increased (or the nitrogen partial 
pressure decreased), the optical properties changed signi- 
ficantly. The best film was obtained at an argon pressure 
of 3.8 x lO 
4 
Torr (5.2 x 10 
2 Pa) and a total pressure of 
4x lO-4 Torr (5.4 x 10-2 Pa). The films produced in the 
nitrogen rich region have a low i. r. reflection and a 
high visible transmission. 
. Fig. 
6 shows the target potential and the 
I (TiKa) /I (CaKa) EPMA measurements as a function of the 
argon partial pressure. Most of the nitrogen is 
consumed in the reaction and so the total pressure would 
shift after stopping the discharge in the magnetron and 
in the r. f. coil. The pressure shifts in each sample 
are shown by (-}) in the figure. For example, -even if 
nitrogen is introduced in addition to the argon 
discharge, the total pressure does not change initially, 
because in this situation all the nitrogen is used in 
the reaction, possibly on the surface. The gradual 
increase in sputter rate, which is shown by an increase 
in I (TiKa)/I (CaKa), is mainly due to the change in 
sputter yield of the target surface. 
Fig. 7a shows ESCA Ti2p spectra of the TiN film 
surface. It should be noted that the surface is covered 
by an oxide layer produced by exposure to air and the 
amount of oxide phase increases as the argon pressure is 
reduced. The films produced in pure argon are a mixture 
of oxide and Ti metaL Fig. 7b shows the spectra after argon 
0 ion etching (about 50 A) carried out to remove surface 
contamination. The intensity of the Ti2p peak in Ti02 
is greatly decreased but the Ti2p peak in TiN remained. 
It is clear that the ratio TiN/TiO2 increases with 
increasing argon partial pressure (or decreasing nitrogen 
partial pressure). Oxide could be produced by reaction . 
with residual oxygen or water vapour in the chamber during 
deposition. 
Fig. 8 shows the composition of the films deter- 
mined from ESCA peak area using theoretical atomic 
sensitivity factors12 as a function'of the argon partial 
pressure. After argon ion etching, in the best samples, 
the ratio of Ti/N was unity and impurity level of 
oxygen was a minimum. The oxygen intensity will be 
reduced if the argon ion etching is continued. 
A fractured cross-section of the relatively thick 
0 (about 4000 A) TiN films produced by r. f. enhanced d. c. 
magnetron sputtering was obtained by SEM (Fig. 9). The 
pictures clearly show the presence of columnar-like 
structures. 
Fig. 10 shows the TED patterns and TEM images of the 
0 
very thin TiN films (200300 A) produced by d. c. 
magnetron sputtering and the r. f. enhanced sputtering. 
The films were deposited onto cellulose acetate sheet for 
this observation. The diffraction patterns show that 
both films have a polycrystalline structure. But TEM 
pictures clearly show the difference between these two 
films. The film by d. c. magnetron sputtering has cracks 
at the boundary of each column. Each column consists of 
many crystal grains. The film by r. f. enhanced d. c. 
magnetron shows less cracks and a more homogeneous 
structure. This difference is similar'to the result of 
the TiO 2 formation (Fig. 5a in Chapter 7). The facts 
above indicate that the films produced by conventional 
d. c. magnetron sputtering have a more brittle structure 
than those by r. f. enhanced sputtering. 
8.3.3 R. f. bias d. c. magnetron sputtering 
The discharge can also be sustained by the 
addition of an r. f. bias to the substrate. In this case, 
the working pressure was more than 3-4 x 10-4 Torr 
(4^-5 x 10-2 Pa). The difference from the r. f. enhanced 
magnetron is that the ions and electrons are accelerated 
by the r. f. bias and therefore the substrate is exposed to 
stronger ion bombardment prior to and during deposition, 
which contributes to an improvement in adhesion. However, 
optical or structural properties of the films depend on 
the r. f. input power and the deposition rate, because the 
decomposition or resputtering by high energy particles can 
be significant, which was proved in the experiment on 
TiO 2 formation. 
Fig. 11 shows the transmission and reflection 
spectra of TiN films produced by r. f. bias sputtering. 
The d. c. offset voltage is approximately-500V. By 
increasing argon partial pressure the i. r. reflection 
increases and the plasma frequency shifts towards the 
shorter wavelengths, which is possibly due to an increase 
in the carrier density. I (TiKa)/I (CaKa) in EPMA, 
sheet resistance and Hall mobility are shown in Fig. 12 
as a function of the partial pressure. The best film 
has a high mobility (PH). Optical properties correspond 
well to the electrical properties. 
The influence of the film thickness is shown in 
Fig. 13. In the r. f. bias system, the dependence of 
electrical properties on the thickness was significant. 
The decrease in UH with decreasing thickness was due to 
a structural change owing to discontinuity in the film. 
8.3.4 Solar control film (Ti02/TiN/TiO2) 
The spectral dependence of the transmittance and 
reflectance for 3-layer coatings, TiO2/TiN/TiO2, on 
glass substrate is shown in Fig. 3. The thicknesses 
of T102 films and TiN films estimated from deposition 
time are approximately 40 nm and 20 nm respectively. 
The spectra demonstrate the very good properties of this 
film for solar control film, although the properties 
are not so good as those calculated from the bulk 
optical constants. 
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8.4 Discussions 
8.4.1 The effects of a low working pressure 
The reason why the films need to be deposited on 
high temperature substrates is to give high reactivity 
and high surface mobility as thermal energy to the 
depositing particles. 
The reactivity needed to get high quality films 
depends on the source materials. Titanium and oxygen 
(or silicon and oxygen) easily react and make compounds of 
TiO 2 
(or Si02) and/or a suboxide. However, titanium and 
nitrogen (or silicon and nitrogen) have less reactivity. 
High pressure deposition causes gas occlusion, which 
results in a brittle and porous structure. High reactivity 
at room temperature can be achieved by ionization or 
activation of the metal species or the reactive gas species 
and stoichiometric film can be obtained providing the 
arrival rate of both the metal and the reactive gas is 
balanced. The most convenient method for ionizing or 
activating the particles is to utilize a discharge. 
Although a d. c. discharge can be used, an r. f. discharge 
is preferable because of its lower working pressure. At 
a. low pressure, (10-4N10 
3 
Torr), a high kinetic energy 
of ions owing to a collisionless plasma and a high ratio 
of ions/neutrals can be expected. On the other hand, 
at a high pressure, (^-10-2 Torr), the ions suffer from 
collisions in the gas phase and lose their kinetic 
1 
energy and the ions/neutrals ratio becomes small. 
4 In 
addition, in order to get a dense film without defects 
and voids, a high surface mobility of the depositing metal 
species and the reactive gas species are necessary. 
Therefore, they need a high kinetic energy and the metal 
species should arrive at the substrate as single atoms 
or ions. If the particles arrive as molecules, they 
cannot move around the substrate sufficiently and this 
results in films with many defects or voids. For 
example, in vacuum evaporation, Ti02 films produced from 
Ti showed a higher refractive index than films from TiO, 
Ti203 or Ti02.15 Our r. f. bias ion plating of Ti02 also 
showed the same results (Chapter 4). TiO 2 films 
sputtered from the metal target showed a higher 
refractive index than the films produced when the target 
was covered by an oxide layer. 
16 The same results were 
obtained for TiN films by r. f. sputtering. 
17 For these 
reasons, the, ratio of the reactive gas to the inert gas, 
such as argon, is very important to maintain the target 
surface in the metal state during sputtering, which was 
also pointed out by Sundgren. 
17 
The arrival of high energy particles has a bombardment 
effect during deposition. They sputter the weakly 
bonding atoms or molecules and only the strongly bonded 
atoms or molecules remain, which results in the formation 
of a dense film. 
To achieve a high kinetic energy, the acceleration 
of ions and the reduction of inelastic collisions are 
necessary. The best pressure for this requirement is 
possibly less than 1x lO-3 Torr. The mean free path in 
this pressure region is more than the size of the chamber 
and so the inelastic collisions in the gas phase and the 
charge exchange collisions in the dark space of the 
plasma are negligible. 
As one of the methods which satisfy our require- 
ments described above, we selected r. f. bias ion plating 
with an electron beam evaporation source. Another 
method is d. c. magnetron sputtering with the r. f. 
enhancement. The difference between evaporation and 
sputtering is that the sputtered particles already have 
a high kinetic energy (10 eV-100 eV)18 and some of them 
are ions or activated species. The working pressure in 
the sputtering was iO-2 0-6010- 
1 Torr for d. c. diode 
sputtering and 10-3 10-2 Torr for r. f. diode sputtering 
or magnetron sputtering. In these pressure ranges, the 
mean free path of the particles is very small. In some 
cases, a small target-substrate distance was needed. 
In order to get high quality films, a lower working 
pressure is preferable. This was highlighted by the 
results for TiO 2 (Chapter 7) or the TiN formation by 
reactive d. c. magnetron sputtering. In this case, since 
the reactivity and energy of the particles in sputtering 
is higher than that in vacuum evaporation, relatively high 
quality films were obtained simply by reducing the pressure. 
However, the working pressure in magnetron sputtering 
is usually more than 1x lO 
3 
Torr, depending on the 
system. In order to reduce the working pressure, to 
stabilize the discharge and to increase the plasma 
density, additional enhancement was introduced by an r. f. 
coil (or ring) electrode between target and substrate. 
The introduction of this additional r. f. discharge reduced 
the working pressure to 2.0 x 10 
4 
Torr(2.5x 10-2 Pa). 
The plasma density could be controlled by adding r. f. 
bias to the substrate. 
Other advantages of a low working pressure were that 
the target surface could be easily maintained in the 
metal state which resulted in stable sputtering and a 
relatively high sputtering rate, and reactive gas was 
effectively used up in the reaction on the substrate 
surface. 
As described above, low pressure sputtering with 
r. f. enhancement is very suitable for achieving our 
requirements. 
8.4.2 Desirable structure of TiN films 
The properties of TiN films needed for the 
application as a solar control film-are high trans- 
mission and low absorption in the visible and high 
reflection in the infrared region. Therefore, it should 
be thin and continuous and homogeneous in depth, and 
also the optical constants should be as close to the bulk 
values as possible. 
Low temperature deposition results in a structure 
with very fine crystallinity. A proper bombardment 
increases the nucleation sites by activation of the 
surface and prevents a formation of a columnar structure. 
Therefore, TiN films formed on room temperature substrate 
by r. f. enhanced d. c. magnetron sputtering appeared to 
have the advantage that particles with kinetic energy 
(10-100 eV) activate the surface without roughening it 
excessively, which leads to the formation of a very thin 
continuous film. In fact, this was confirmed by TEM 
observations (Fig. 10) of the Ti02 and TiN films (also 
see Fig. 5 in Chapter 7). In the case of three layer 
structures (Ti02/TiN/Ti02), however, the TiN film was 
deposited on fresh Ti02 film. A smooth surface of Ti02 
film was necessary to obtain very thin continuous TiN 
film, which could also be achieved by the method above. 
8.4.3 Further improvement of TiN films 
Hall effect measurements showed that the optical 
properties of TiN films are closely related to the 
electrical properties and this behaviour can be 
explained by the Drude theory concerning the classical 
free election model., On the basis'of this theory, it can 
be expected that the plasma-edge or plasma cutoff 
wavelength shifts towards the shorter wavelengths 
with increasing carrier density and the slope of the 
reflection curve becomes sharp with increasing mobility 
and film thickness. The i. r. reflection depends on sheet 
resistance Cor carrier density, mobility and thickness). 
Carrier density will be decided by the plasma edge 
required for solar control film, There is an optimum 
thickness to achieve high transmission in the visible 
and high reflection in the infrared region. Therefore, 
to obtain high quality TiN film for solar control, it 
is necessary to increase the mobility (PH). Possibly a 
glassy and dense structure is desirable rather than a 
columnar structure. 
The modifications to increase UH and improve the 
optical properties of TiN film are as follows: 
(1) to reduce the oxygen impurity and produce pure 
TiN film free from Ti or TiOx by using a clean 
vacuum system; 
(2) to control the pressure and/or the gas flow of 
nitrogen and argon very precisely (± O. l%). 
(However, the influence of outgassing from the 
chamber wall is inevitable in any batch process. ) 
(3) to increase the deposition rate by using a higher 
d. c. power supply and optimize the r, f. input power 
to the r. f. electrode and the pressure of nitrogen 
and argon. 
(41 to modify the d, c. power supply, which should 
generate a constant direct current rather than an 
average constant current or power. 
(5) Optimization of the ion bombardment prior to 
deposition is also important because the film 
thickness needed is only 200 R. 
13 The film 
properties are affected by the interface structure 
as well as the surface oxidation caused by exposure 
to air. 
B. 5 Conclusions 
(I) Thin titanium nitride films with optical properties 
close to the bulk values can be obtained when the 
working pressure of sputtering is much lower than 
that conventionally used. 
(II) The best method to achieve low pressure sputtering 
is r. f. enhanced d. c. magnetron sputtering, in 
which the working pressure is more than 2x 10-4 Torr 
( 2.5 x 10-2 Pa). 
(III) The best films were obtained in an argon plasma 
with a partial pressure of nitrogen. This is 
because the target surface is maintained in the 
metal state without reducing the sputter yield, 
([V) A solar control film of T102 (40 nm)/TiN C20 nmi/ 
Ti02 (40 nm) was produced by r. f. enhanced d. c. 
magnetron sputtering from a Ti metal target. 
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Fig. 1: Dependence of the transmission (". ". ) and 
reflection spectra (-) of TiN films made 
by reactive d. c. magnetron sputtering on 
sputtering pressure. Deposition time was 
5 min and target current 720 mA. 
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Fig. 3: Transmission and reflection spectra of TiN 
films on glass produced by r. f. enhanced 
d. c. magnetron sputtering. 
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CHAPTER 9 SURFACE DAMAGE OF PET SHEET IN R. F. BIAS ION 
PLATING 
ABSTRACT: 
Surface damage of PET substrates caused by ion bombard- 
ment in ion plating has been studied by ESCA. It was found 
that in r. f. bias ion plating, even brief (2 secs) bombard- 
ment prior to deposition causes very substantial damage of 
the plastic surface and the films are formed on that modified 
surface. The damaged layer is mainly composed of free carbons 
or hydrocarbons produced by the decomposition of PET, 
although its structure depends on bombardment conditions. 
Small amounts of new carbon-oxygen species are also produced, 
which are a characteristic feature of ion plating. The 
interactions between the plasma and the polymer surface are 
discussed. 
9.1. Introduction 
Ion and plasma assisted coating techniques have been 
studied for a variety of applications, because they give 
improved film properties and adhesion. 
In these techniques, the substrate is bombarded by high 
energy particles such as-ions, neutrals, electrons and photons 
prior to and/or during deposition. The surface modification 
of CR39 plastic substrate during r. f. ion plating with d. c. 
bias has been investigated 1.2 and it was shown that the 
plastic substrate is easily etched by ion bombardment and 
chemical structural changes in the surface depends upon the 
bombardment conditions. The film is, subsequently, formed 
on that modified surface and the interface structure 
between film and substrate depends on bombardment conditions 
both prior to and during deposition. 
In this chapter, we present the result of an 
investigation of the effect of r. f. bias ion irradiation in 
an oxygen plasma. The results in argon or oxygen ion beam 
bombardment, electron beam bombardment, neutral beam bombard- 
ment, r. f. ion plating with d. c. bias and d. c. magnetron 
sputtering carried out for comparison will be presented in 
Chapter 10. Although there are many kinds of ion plating 
techniques, the r. f. bias method is especially useful for 
optical coating onto insulating plastic. If both film and 
substrate are insulators, surface charging during ion plating 
can be severe and any d. c. substrate bias becomes ineffective 
for the acceleration of ions. This charge-up can be overcome 
by applying r. f. bias to the substrate. Furthermore, the 
working pressure in our r. f. bias ion plating is normally 
3 ti 7x 10 _4 Torr which allows the use of an electron beam 
evaporation source without a differential pumping system. 
In addition, operation in low pressure plasma creates the 
possibility of improving film properties because of the 
reduction of gas collisions. In fact, r. f. bias ion plated 
Ti02 films showed excellent optical properties, (for example, 
refractive index 2.43 at 6328 R for PET, 2.49 for glass 
substrate). 
3 
Corona and glow discharge treatment of polymer surfaces 
have been used for modifying the adhesive properties or wett- 
ability of the surfaces for some years and many studies 
of the changes in the surface properties of various polymers 
have been carried out. 
4"8 
However, the working pressure is 
generally very high (>lO-2Torr) in such studies, and there 
is little information available concerning the interaction 
between polymer surfaces and the low pressure plasma such 
as in our ion plating. 
ESCA (electron spectroscopy for chemical analysis) is 
particularly suitable for the investigation of polymer surface 
damage, 9.10 and interfaces between film and polymer surfaces, 
11.12 because of its high sensitivity and ability to 
differentiate between surface and bulk phenomena. The use of 
ESCA to characterize plasma-modified polymer surfaces has 
recently received much attention. The effects of corona- 
discharge treatment of polythene, 
13 Teflon14 and PET15 have 
all been investigated using ESCA, and its power as an analy- 
tical technique is well substantiated. For these reasons 
ESCA has been used in the present study to characterize the 
polymer surface prior to and following irradiation under a 
variety of conditions. 
9.2. Experimental details 
An r. f. bias ion plating apparatus, with electron beam 
evaporation source, was used in this study (Fig. 1 in Chapter 
3). The r. f. was generated by a 0.5 kW automatically 
controlled and tuned supply, Plasma Thermo HFS 500E' and was 
applied to the water cooled substrate holder. PET (polyeth- 
ylene-terephthalate) sheet, which is becoming one of the most 
important substrates for optical coating applications, used 
as the substrate in the present study is MELINEX - TYPE 'O' 
(50u thick, ICI Ltd). 
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The morphology of the bombardment PET surface was 
studied by replica method of TEM (JEOL-TEM 1000X). Replicas 
of the damaged surface were produced using cellulose acetate 
plastic film. The plastic replica was coated with a carbon 
film by evaporating carbon from two graphite rods at a 
pressure lower than 10-4Torr. The plastic replica coated 
with carbon was cut up into small pieces, positioned on 3 mm 
copper specimen grids and washed in acetone until all the 
plastic had been dissolved, leaving the carbon film on the 
grid. 
The refractive index and thickness of the damaged layer 
of PET were measured using an ellipsometer (Gaertner Scientific 
Corporation). Measurements of A and W were made using 63288 
wavelength light (helium neon laser beam at an angle of 
incidence of 500. The refractive index and thickness were 
calculated with the aid of a computer. ESCA measurements 
were carried out in a VG Scientific ESCA LAB spectrometer 
with twin-anode (Al Ka and MgKa) X-ray source. The spectro- 
meter was operated in the fixed analyser transmission mode 
with an analyser resolution of 0.5 eV and Al Ka radiation 
(1486.6 eV) was used in all cases. The photoelectron 
spectrum was collected at normal (6 =0 o) emission in all 
cases. Resolution enhancement of the experimental line- 
shapes from the irradiated surfaces was accomplished through 
digital subtraction (curve stripping) of any. remaining PET 
contribution from the data, the standard PET line-shape being 
obtained from an as-received, clean PET surface under 
identical analysis conditions of resolution, electron 
emission angle etc. Such a curve-stripped spectrum is here- 
after referred to as 'Enhanced Resolution'. Further 
resolution enhancement of the clean PET lineshape is possible 
by curve-fitting standard symmetric lineshape contributions 
from the carbon and oxygen species (aromatic carbons, ester 
carbons etc. ) expected on the PET surface (see later). Core- 
level binding energies from the experimental and enhanced 
resolution spectra were measured with respect to the aromatic 
Cls binding energy of 285.0 eV. Quantification of the photo- 
electron spectra was carried out by the use of the following 
equations: 
Xc= 
and 
(Ic/A 
(I/Ac +1 
o/Ao) 
X0 = 
(Io/Ao) 
(Ic /Ac +1 
o/Ao) 
where Xc and X0 are the calculated atom fractions of carbon 
and oxygen, respectively, in the specimen surface, Ic and Io 
the experimentally measured photoelectron peak intensities 
(areas) of the carbon is and oxygen is core-levels, and Ac 
and Ao the relative atomic sensitivity factors for carbon 
and oxygen, derived from theoretical photoionisation cross- 
sections, analyser transfer function and inelastic mean free 
path vs kinetic energy dependence16. Values of 0.34 and 1.00 
were used for Ac and Ao, respectively, throughout the present 
study. 
9.3. Results 
9.3.1. ESCA spectra of PET surface. 
High resolution carbon is and oxygen is ESCA spectra of 
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as-received PET are shown by the solid line in Figure 1. 
The peak shapes show good agreement with those in other 
publications. 
6,9111,17 
Enhanced resolution of the experimental carbon is lineshapes 
reveal the expected contribution, both qualitatively and 
quantitatively, from the various carbon and oxygen species 
present in the bulk PET film, through their known chemical 
shifts (binding energies) in the photoelectron spectrum. 
The main carbon is peak (I) at 285.0 eV can be assigned to 
the six carbons from the benzene ring in the repeat unit, 
the peak at 286.6 eV to the two ester carbons, and the third 
peak at 289.0 eV to the two carboxyl groups. 
The 3: l: l'ratio of carbon functionality is reflected approx- 
imately by the component peak areas. 
Enhanced resolution of the oxygen peak results in two peaks 
1.6 eV apart and of equal intensity. The peak at 532.1 eV 
can be assigned to the two ester groups and the peak at 533.7 
eV to the two carboxyl groups in one repeat unit. 
The weak peak on the high energy side of the Cls line, 
situated at a distance of about 7 eV from the main peak and 
having a few percent of the intensity of the carbon is line 
is correlated to n- n* shake-up transitions. 
9'17 
This satellite structure of the Cls line is formed by an 
energy-loss process, whereby some of the primary photoelectron 
energy is lost in exciting a second electron from an outer 
molecular orbital into a higher unoccupied orbital (shake-up) 
or above the vacuum level (shake-off). The enercy needed to 
excite the second electron (generally , lO"eV) is removed 
from the kinetic energy of the electron from the inner orbital. 
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In this way a satellite may appear on the lower kinetic 
energy side of certain ESCA lines. The intensity of the 
satellite depends on the probability of excitation. Such 
shake-up or shake-off phenomena may accompany the photoion- 
isation process in a quasi-simultaneous manner (termed 
intrinsic energy losses), or they may occur during photo- 
electron transport from the photoionised atom to the surface 
(termed extrinsic losses). Since this aromatic satellite is 
also observed at a distance of about 7 eV from the Ols peak, 
this transition may occur during photoelectron transport from 
the photoionized atom to the surface (extrinsic loss). 
18 
Quantification of the photoelectron spectra from the as- 
received PET surfaces yields a surface composition (neglect- 
ing hydrogen, to which ESCA is insensitive) of 72.0 atom % 
carbon and 28.0 atom % oxygen, compared to theoretical (bulk 
PET) values of 71.4 atom % carbon and 28.6 atom % oxygen. 
The slight excess of carbon in the experimental data may be 
due to trace amounts of hydrocarbon contamination, or to small 
errors in the atomic sensitivity factors (Ac and Ao). 
9.3.2. Bombardment time dependency of the damage. 
Figure 2 shows the variation of Cls and Ols lineshapes 
from the PET surface with exposure time in r. f. bias ion 
irradiation. Following subtraction of the standard Cls line- 
shape of PET from the experimental spectra, the enhanced 
resolution spectra are seen to be dominated by an intense 
peak, centred at 284.6 ± 0.2 eV, with a pronounced assymmetry 
to the high binding energy side, hereafter designated as I*, 
which is seen to increase in intensity, at the expense of the 
PET contribution, with increasing ion exposure. In addition, 
a relatively weak new feature, centred at 287.5 (± 0.2) eV, 
designated II*, is also produced, and the intensity of the 
aromatic satellite is seen to be significantly reduced by 
following ion exposure. The relative contributions to the 
total carbon is lineshape from undamaged PET and the ion- 
induced decomposition product (I* + II*) are shown in Figure 
3 as a function of irradiation time. 
By comparison with literature values for the Cls binding 
energy in various organic compounds19, I* may be assigned to 
free carbons or aliphatic hydrocarbons, and It* to some carbon- 
oxygen species (possibly R-O-CH2-O-R) produced as a result of 
ion-induced decomposition of PET. 
Changes in the Ols lineshape are also observed, but it 
is difficult to produce satisfactory enhanced resolution 
spectra for the Ols peak, in the same manner as for the Cls 
peak. In general, ion irradiation results in a loss in 
intensity and resolution of the oxygen doublet (in particular, 
the intensity loss of the 533.7 eV (carboxyl) component is 
greater that that of the 532.1 eV (ester component), and a 
significant broadening of the peak envelope, which is consis- 
tent with the production of a multiplicity of oxygen species 
and overall preferential removal of oxygen during irradiation. 
The change in elemental composition of the PET surface with 
irradiation time is shown in Figure 3. 
9.3.3. R. f power dependency of the damage. 
The variation of Cls and Ols lineshapes from the PET 
surface with r. f. power (15W to 150W) applied to the sub- 
strate were examined (Figure 4). The overall change in 
molecular structure, was similar in all cases, with the 
formation of I* and II* Cls features and general loss in 
intensity and resolution of the Ols doublet at all powers 
investigated. At low r. f. power (15W), however, the extent 
of surface damage was much reduced (the PET contribution 
and Ols intensity are relatively greater that at higher r. f. 
powers), and the Cls shoulder due to the II* in the enhanced 
resolution spectrum is more pronounced, relative to the I* 
peak. The reduced extent of damage at low r. f. power 
(Figure 5) may be associated with a variation of average ion 
energy and ion current density with r. f. power. 
9.3.4. Working pressure dependency of the damage. 
In order to elucidate the dependence of surface damage 
on the plasma pressure, PET substrates were bombarded in r. f. 
plasmas at pressures of 4x 10-4,4 x 10-3 and 4x 10-2 Torr 
(Figure 6). The extent of damage reduced dramatically at high 
plasma pressure (Figure 7). The surface concentration of 
oxygen, undamaged PET and Cls type II* species was markedly 
greater at 4x 10-2 Torr than at lower pressures. At high 
plasma pressures, the average surface elemental composition 
approached that of bulk PET, indicating that excess oxygen 
could be introduced into the surface at pressures of 10-1 
Torr or greater. 
Figure 8 shows the surface morphologies of the ion bom- 
barded PET surfaces. Pronounced streaks, which may be due 
to contamination, are recognised on the untreated surface 
(a). These streaks disappear after only 2 second bomardment 
(b). The surface bombarded in the plasma of 15W shows a 
- 184 - 
finner structure that that of 150W. The pressure effect is 
very marked. The surface bombarded at 4x 10-2 Torr is very 
rough, possibly due to the high flux density of the incident 
particles. 
9.3.5. Surface damage in r. f. bias ion plating of Ti02. 
In order to analyse the interface structure between ion 
plated Ti02 films and PET, it was decided to employ two differ- 
ent approaches. In one series of experiments, ion plated Ti02 
films of varying thicknesses on PET were analysed by sequential 
ESCA analysis and in-situ argon ion sputter profiling; the 
results of these experiments are reported in Chapter 11. In 
addition, ESCA analyses were carried out on the PET surface 
following removal of the Ti02 films by chemical etching in 
10% HF (hydrofluoric acid) solution. Cls, Ols and Ti2p line- 
shapes from HF dipped blank PET, vacuum evaportated Ti02 and 
ion plated TiO 2 are presented in Figure 9. Enhanced 
resolution of the Cls lineshape from the blank etched PET 
surface reveals a significant chemical attack of the PET by 
HF, resulting in a formation of I* and IT type carbon species, 
and loss of type I and DI species, but with no significant 
change in C: O ratio. The etched evaporated Ti02 film shows 
a high C: O ratio , and contributions to the Cls lineshape 
from PET and type I* carbon species only, whereas the etched 
ion plated Ti02 film shows a relatively lower C: 0 ratio, and 
contributions to the Cls lineshape from both type I* and II* 
carbon species, in addition to undamaged PET. In addition,. 
HF etching effectively removes all of the TiO 2 from the surface 
of the vacuum evaporated film (as evidenced by the absence of 
any contribution from Ti2p features to the photoelectron 
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spectrum), whereas a significant amount of Ti02 is seen to 
remain on the ion plated surface following HF etching. One 
possible interpretation is that the residual Ti02 on the 
ion plated surface is chemically bonded to the PET substrate 
through the ion-damaged layer, thereby protecting it from 
chemical attack. 
Surface morphologies of the PET surface after removal 
of Ti02 films are shown in Figure 10. Streaks are observed 
on the untreated surface (a), the PET dipped in HF (b) and 
vacuum evaporated sample (c). However, the surface of ion 
plated sample (d) is homogeneously etched and exhibits no 
streaks. 
9.3.6. Thickness and refractive index of the damaged layer 
determined by ellipsometry. 
Ellipsometry is also a useful method for studying thin 
surface layers. Figure 11 shows the thickness and refractive 
index of the damaged layer determined by ellipsometry. In 
this case, it was assumed that the damaged layer is absorp- 
tion free, continuous and optically homogeneous in depth. 
The data for 2 sec bombardment was excluded because the 
refractive index is so close to the substrate value that it 
introduces significant errors into a thickness determination. 
The variation of refractive index is related to structural 
change in the damaged layer. The increase in damage layer 
thickness with ion bombardment time and r. f. power, as 
observed by ellipsometry, is entirely consistent with the 
ESCA results discussed above. 
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9.4. Discussions 
9.4.1. Structure of the damaged layer. 
For total photoelectron intensity from each atomic layer, 
we have 
Io =A IA =A XA iA 
where IA = contribution from species A. XA = number of atoms 
of species A in layer, iA = contributions from each atom of 
species A (= atomic sensitivity factor). 
If we assume AXA =k (constant) 
then R IA =k 
iA 
0 
For the total observed intensity from each atomic layer, we 
have 
I* = Io e-d/acos8 0 
where d= depth of layer, A= inelastic mean free path of 
electrons, 8= emission angle (relative to surface normal) 
and, for species A, 
I* =I e-d/acos6 AA 
and I* IÄ = e-d/Xcos8R IA 0 
-d/acose =e R XA iA 
Therefore, total observed intensity is shown as follows, 
I= f"OIodd = ý°io e-d/acosOdd 
0 
= öýe -d/ýcosýý XA iA) dd 
where AKA ih is a function of layer thickness d. 
However, if R XA iA = constant (independent of d), then 
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integration gives: 
I= (R XA iA? acose 
If we assume that the damaged layer of PET has a uniform 
thickness (1), continuous structure, and a sharp interface 
for signals arising from the damaged layer (B), we have 
I . d. l "'* 
f1 e-d/acose (XB iB) dd 
and for PET substrate (C), we have 
IMf1 e-d/acose (X C ic) dd PET 
where (XR ig) +f (d) and (Xc ic) +f (d) 
therefore I a. 1 a (XB i-B) (1 - e-1/acose ) 
I PET (x 
(XC ic) (e-1/acose) 
(* Proportional because of that fact that we have not taken 
surface roughness into account. ) 
Hence I d. 1 
I 
(XB iBI 
e_1/acose ) I'd 1+ PET 
(XB iB) (Xc iC) 
If we assume that there is no residual PET in the damaged 
layer, we can compare relative Cls photoelectron signal 
intensity of the damaged layer and of PET. In this case, 
B= iC and, if we assume that XB = XC, then 
d. 1=1- 
e-1/acose 
1 d. 1 +I PET 
and 
I PET = e'1/acos6 
I d. 1+ I PET 
From these relations we can compute relative intensity I d. l 
I, l"I_. +I PET or IPET/I d.. l + 'PET as a function of the 
damaged layer thickness 1. The solid curves in Figure 12 
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were computed with the various values of A for 0= 00 
The relative intensity ratios which were determined 
experimentally are also shown in Figure. 12 as a function of 
the thickness of the damaged layer obtained by ellipsometry. 
The mean free path for inelastic scattering of electrons in 
PET was reported by Cadman et al. 
20 
They used the relative 
intensity method to determine the X value for several organic 
polymers at an electron energy of 967 eV. The X value for 
PET is 57R and it is 70R for high density polyethylene. 
However, Roberts et a121, who used the substrate - overlayer 
method to determine the values for organic material and 
obtained A values of 29 ± 4R for 1196 eV electrons and 
33 ± 5R for 13288 electrons in PMMA films, suggested that 
the A values shown by Cadman et al are generally larger and 
include uncertainties arising from the relative intensity 
method. The relationship given by Seah and Dench16 for 
organic compounds is 
X= 49 + 0.11 E0.5 
10-3p E2 10-3p 
nm 
where P is the bulk density of the organic compound in Kg m3 
(1.395 to 1.410 kg/m3 for PET) and E is the electron kinetic 
energy in eV. Roberts et al emphasise that this equation 
represents a least - squares fit of all available experi- 
mental determinations of X for organic compounds . '. value for 
PET may be very different. The value in PET computed using 
this equation is 27R at an electron energy of 1200 eV. 
Assuming a XcEO'5 dependence, the X value obtained from the 
results of Cadman et al is 63R in PET and 78R in high density 
polyethylene at an electron energy of 1200 eV. 
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The A value in the damaged layer is unknown. However, if 
the structure of the damaged layer is mainly composed of 
hydrocarbons and density is relatively'low because of their 
loosely binding conditions, the A might be larger that that 
in PET. Therefore, if we assume that A of the damaged layer 
is about 60R to 70L, the experimental data in Figure 11 
matches the theoretical lines closely. This means the 
thickness obtained by ellipsometry is not significantly 
different from the real value. 
It was confirmed by the angular dependent ESCA studies22 
that the damaged layer exists as a thin almost continuous 
layer on the residual PET. The method for varying the 
effective sampling depth is shown in Figure 13 with ESCA 
spectra. The sample is rotated relative to the fixed 
position energy analyzer by angle e, designated as the angle 
between the normal to the sample and the entrance slits in 
the analyzer. It is readily seen that electrons collected at 
grazing exit angles relative to the surface (09O0) will 
enhance surface features relative to electrons collected 
normal to the surface. Figure 13 shows the Cis signals from 
the sample bombarded in r. f. bias ion plating measured at the 
angle e= 00 and 6= 600. The increase of the relative 
intensity of the Cls peak associated with the damaged compon- 
ent is consistant with the damaged layer being an almost 
continuous layer on the residual PET. If the damaged layer 
is continuous and homogeneous in thickness, the change in 
relative intensity of the damaged layer is shown. by the 
following equation, 
r 
)- 
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1 d. 1 
I d. 1 +I PET measured at 6= 
600 
Id. l 
'dl +I 
PET measured at 
0= 0 
- 1- e`x/ac0s 
60° 
=1+e -T 
x 
1- e-x/acos 
0° 
1 d. 1 
Id. 
l + 
IPET measured at 6= 00 obtained experimentally 
is 0.531. 
Therefore, e-x/X = 0.469 
At the incident angle of 60°, the value expected from the 
above equation is 1.469. However, the value observed experi- 
mentally was 1.26. This different is possibly owing to the 
roughness of the bombarded surface, which was already shown 
by TEM observation, or to a non-uniform damaged layer thickness. 
I 
9.4.2. Decomposition mechanisms. 
In the initial stage of the bombardment under r. f. bias 
ion plating conditions, bonds such as aromatic rings or car- 
boxyl structures are preferentially destroyed, which is shown 
as a reduction of the higher binding energy signal of Ols and 
Cls and the disappearance of benzene shake-up in ESCA spectra. 
As the bombardment proceeds, most bonds are destroyed and free 
carbons or hydrocarbons (Cls type I*) are produced by 
decomposition. Residual oxygen atoms possible recombine with 
carbons in single bonds (Cis type Il*)., - The Cls peak (type II* ) 
located 287.5 eV is a characteristic feature of r. f. bias 
bombardment and its contribution is very small in 1 keV 
oxygen ion beam bombardment. The mechanisms of formation 
from type III carbon species is postulated as follows 
ions or 
electrons 
0 
R-Cý --3ý R- C+ý 
O 
i 
R 
.., 
0-Rý0-R 
289.0 eV 
type I 
R-C-O-R 
i 
R 
287 - 288 eV 
type 11 
After long bombardment times the oxygen concentration levels 
out as the surface reaches sputter-equilibrium (see Figure 
3,6). 
9.4.3. The role of ions. 
Langmuir probe measurements24 gave plasma potentials of 
205 volts with the r. f. set at 25W, and 525 volts when it was 
operated at 100W. The respective r. f. potentials were approx- 
imately 850v and 1510v peak to peak. The pressure was 4x 10-4 
Torr of argon. (The measurements were carried out in Ar 
plasma to avoid probe contamination). The mean free path at 
this pressure suggests that the ions bombarding the substrate 
with nearly ground potential, will have energies up to 1 keV 
promoting the decomposition of the PET surface. Higher 
pressures will reduce the mean free path and also the maximum 
in the distribution of ion energy, and reduce the ion: neutral 
ratio (via charge transfer processes), allowing chemical re- 
actions to predominate. Oxygen plasma treatments operated 
at a pressure of more than 10-2 Torr produces additional 
single and/or double bonds of carbon-oxygen and, in some 
cases, cross linking on the polymer surfaces, and increase 
86 the oxygen concentration in the surface region, Yasuda et a1 
have examined surfaces of PET and several other polymers 
treated in argon and nitrogen plasma at a pressure of 
4x 10-2 Torr. They revealed that argon plasma treatment 
generally incorporates nitrogen and oxygen functionalities 
into the treated surface. Thus, chemical reactions are 
predominant at high operating pressures. 
9.4.4. Optimum bombardment conditions 
Although slight damage of the polymer surface possible 
does not cause a deterioration of the interface structure, 
excessive decomposition may form an unstable interface and 
reduce adhesion, because free carbons or hydrocarbons produced 
by decomposition are considered to be weakly bonding to the 
substrate. In order to avoid excessive damage to the sub- 
strate and produce an interface with a greater stability, 
optimization of the bombardment and plating conditions is 
necessary. 
Bombardment of the surface with ions and neutrals of low 
kinetic energy appears to result in minimal decomposition and 
oxygen loss, and in some cases, oxidation of the surface is 
promoted, which is considered to contribute to the adhesion. 
However, the energy must be high enough to remove organic 
contamination from the surface and produce a sufficiently 
reactive surface (in the form of active species and free 
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radicals) to promote good adhesion. Since high energy ions 
and neutrals from the evaporation source will caused increased 
decomposition, intermixing and ion implantation in the PET 
surface, ideal bombardment conditions prior to deposition 
might be different from the deposition conditions. Another 
method of obtaining a stable interface is to reduce the 
bombardment time. 
In low pressure reactive ion plating even brief bombard- 
ment causes significant changes in surface structure, namely, 
cleaning, activation and roughening of the surface, allowing 
not only physical interaction but also chemical interactions 
between film and substrate (Chapter 11). This seems to be a 
major reason why the reactively ion plated oxide films, 
including sputtered films24, on plastic substrate show a 
strong adhesion. 
9.5. Conclusions 
T. In r. f. bias ion plating, even brief (2 secs) bombardment 
prior to deposition causes very substantial damage on 
the PET substrate surface. The damage is mainly caused 
by ion impact. 
TI. The damaged layer is mainly composed of free carbons or 
hydrocarbons produced by decomposition of PET, although 
its structure depends on bombardment conditions. 
III. In the low pressure plasma (lO-5 ti lO-3 Torr), since 
ions and electrons have high kinetic energy due to long 
mean free path, decomposition of the polymer surface is 
dominant rather than chemical reconstruction. 
IV. Active species are produced through the interaction of 
ý- 
{ 
energetic ions and the PET surface, allowing not only 
physical interaction but also chemical interaction 
between the ion plated film and substrate, which seems 
to contribute to the improvement of film adhesion. 
V. The thickness of the damaged layer determined by ellip- 
sometry coincided with the value expected from ESCA 
spectra under an assumption of. the inelastic mean free 
path of photoelectron of 60 - 70 
R. 
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CHAPTER 10 SURFACE DAMAGE OF PET SHEET CAUSED BY 
OTHER HIGH ENERGY PARTICLE BOMBARDMENT 
ABSTRACT: 
Surface damage of PET sheet in ion beam bombard- 
ment, electron beam bombardment, r. f. ion plating with 
d. c. bias, neutral beam bombardment, and d. c. planar 
magnetron sputtering was examined to understand the 
mechanisms involved in such systems and r. f. bias ion 
plating, using ESCA. On a basis of the results the 
dependence of the damage on beam current and energy 
distribution of ions or electrons, which depends on 
working pressure, is discussed. 
10.1 Introduction 
The surface damage of PET sheet in r. f. bias ion 
plating has been investigated in Chapter 8 and it was 
found that even brief (2 secs. ) bombardment prior to 
deposition causes very substantial damage of the plastic 
surface and the films are formed on that modified 
surface. It was also found that the damaged layer is 
composed of free carbons or hydrocarbons produced by the 
decomposition of PET and small amounts of new carbon- 
oxygen species. 
In this paper, we present the results of an investi- 
gation of the surface damage caused by high energy 
particles produced in the ion gun, electron gun, r. f. ion 
plating with d. c. bias, saddle field neutral gun and 
d. c. magnetron sputtering, which were carried out to 
compare with the results in r. f. bias ion plating and 
to elucidate the role of ions and electrons in these 
processes. 
10.2 Experimental Details 
A cold-cathode discharge ion gun (VG AG 2) and hot 
filament electron beam source (VG LEG100) fitted to the 
ESCA spectrometer were used for oxygen ion bombardment 
and electron beam bombardment respectively. In-situ 
ion bombardment (ion energy ;1 keV) at an oxygen partial 
pressure of 3x 10-5 Torr (in the specimen chamber) and 
ion current density of approximately 10 uA/cm2 and in- 
situ electron beam bombardment (electron energy 1 keV) 
at a pressure of 10-8 Torr, and electron current density 
of about 30 uA/cm2 were carried out at room temperature. 
The incident angle of the ion beam (relative to the 
surface normal) was 500 in all of the bombardment 
experiments. 
The experiment in r. f. ion plating and ion plating 
with neutral beam gun was carried out by modifying the 
r. f. bias ion plating apparatus with an electron beam 
evaporation source (see Fig. 1 in Chapter 3 and Fig. 1 
in Chapter 5). 
The d. c. magnetron sputtering apparatus used in 
this experiment is shown in Fig. 2 in Chapter 3. 
PET (Polyethylene-terephthalate) sheet used as 
substrate in the present study is "Melinex-Type 0" 
(50 p thick, ICI Ltd. ). 
All of the samples were evaluated by ESCA (VG 
Scientific ESCA LAB spectrometer). 
10.3 Results 
10.3.1 Ion beam gun 
The variation of Cls and Ols lineshapes from PET 
surface with exposure time in oxygen ion beam bombardment 
carried out in ESCA spectrometer is shown in Fig. 1. 
Predominantly type I* carbon species are produced on 
the surface by ion bombardment. The contribution from 
undamaged PET substrate is seen to decrease with 
increasing ion dose. The extent of damage in the 
oxygen ion beam experiments is markedly lower than that 
observed in the r. f. plasma experiments (Fig. 2- Fig. 7 
in Chapter 9) for the same irradiation time, but this 
may be due-solely to a large difference in effective 
ion current densities at the PET'surface between the 
two systems. 
Less contribution from type II* carbon species in 
the oxygen ion beam experiments may be related to the 
relatively large ion energy (< 1 keV) compared to the 
average ion energy expected in the r. f. plasma 
experiments, and the possibly higher ion: neutral ratio 
in the oxygen beam compared to that in the r. f. plasma. 
Quantification of the ESCA spectra (Fig. 2) shows a 
smooth increase in damaged layer contribution, and a- 
decrease in surface oxygen concentration, with bombard- 
ment time. Significantly, the final. equilibrium, 
oxygen concentration (12 atom %) is not very different 
to that observed in the r. f. plasma experiments (Fig. 3 
in Chapter 9). 
Similar spectra were obtained from argon ion beam 
bombardment experiments in the same apparatus, but with 
a marked reduction in surface oxygen concentration 
following irradiation. It should be noted, however, 
that the additional carbon-oxygen bonds (type II*) 
observed at 287.5 eV might be produced by exposing to 
air after bombardment. The ESCA results after air 
exposure of the oxygen ion beam bombarded PET showed a 
slight increase of this peak and in the oxygen peak 
intensity, indicating that the active damaged PET surface 
reacts with oxygen in the atmosphere. However, the 
increase in intensity is so small that the reaction is 
probably limited to the top surface of the damaged layer. 
This was also confirmed by angular dependency of the 
ESCA spectra. Therefore, most of the additional carbon- 
oxygen species observed in r. f. bias ion bombarded PET 
were produced during ion irradiation. 
10.3.2 Electron beam irradiation 
In order to elucidate the role of energetic 
electrons in r. f. bias ion plating, the PET was bombarded 
by electrons (30 uA/cm2,1 keV) in the ESCA spectrometer 
and in-situ observation carried out (Fig. 3). 
Comparing with oxygen ion beam bombardment, the damage 
caused by the electron beam is very small at the same 
exposure time, and the compositional change (Fig. 2) is 
also smaller than that in oxygen ion beam bombardment. 
Although the current density and maximum energy of the 
electron beam and the oxygen ion beam in the in-situ 
experiments is different from those in r. f. bias system, 
the contribution of electron impact to the damage of 
PET in the latter case is considered to be smaller than 
that of ions. 
10.3.3 R. f. ion plating with d. c. bias 
The damage of the PET substrate in r. f. ion plating 
1 
with d. c. bias was examined. In this case, flux 
density and kinetic energy of ions reaching the substrate 
can be controlled by a d. c. voltage applied to the 
substrate holder. On the other hand, in r. f. bias ion 
plating, the flux density and energy of ions depends on 
r. f. input power. Plasma density in the former case is 
highest at the centre of the r. f. coil. A 
negatively biased substrate is bombarded by positive 
ions, and electrons reaching the substrate decrease in 
energy and number with increasing negative voltage. In 
the case of a coating of dielectric films onto insulating 
substrate, such as Ti02/PET, a positive charge is built 
up on the substrate surface. This charge build-up can 
be prevented by using a metal grid 2. which is biased 
to the same acceleration voltage as that of the substrate 
holder, situated below the substrate 
3. 
The dependence of surface damage on d. c. bias 
voltage in the r. f. plasma of 15OW is shown in Fig. 4. 
In this experiment, the metal grid was not used. The 
damage increases considerably with increasing d. c. bias 
voltage. Bombardment under the voltage of 1500V 
exhibited close effects to r. f. bias ion bombardment of 
50W to 150W (Fig 2 in Chapter 10), indicating that the 
bombarding conditions may be similar in both cases. 
The overall reduced extent of damage in d. c. bias 
bombardment is possibly due to a charging effect. In 
addition, since high energy electrons also bombard 
the substrate in r. f. bias bombardment, electron- 
induced effects may make a significant contribution 
to the observed damage. 
The surface morphologies obtained by TEM are shown 
in Fig. 5. It is clear that the streaks on the original 
surface disappear and the surface is homogeneously 
etched even at OV. The surface bombarded at -1.5kV is 
more rough. This result is the same as that in ion 
bombardment of CR39 plastics 3. 
10.3.4 Neutral beam irradiation 
Ion plating using a combination of evaporation and 
ion beam etching has been used to improve film proper- 
ties4,5. However, in the case of dielectric material 
coating, the plastic substrate tends to charge-up due 
to ion bombardment, and the necessity for charge 
neutralisation (usually accomplished through the use of 
an electron 'flood' gun) imposes severe practical 
limitations on the process. 
A Saddle Field Source 6, producing fast atoms 
of the gas fed into the source, can be used for cleaning, 
etching and sputtering of charge sensitive materials, 
insulators and other materials difficult to treat with 
charged particle beam devices. If this neutral beam is 
used not only to clean the substrate but also to bombard 
the substrate during deposition, the combination of 
the neutral beam and evaporation or sputtering might 
become comparable with the combination of r. f. bias and 
evaporation or sputtering. Therefore, the surface 
damage caused by the neutral beam was examined. 
Fig. 6 shows the ESCA spectra of the PET bombarded 
by neutral argon beam at different argon pressures. 
The extent of the damage is relatively small and 
decreases as the pressure is raised. The equivalent 
beam current estimated from the discharge current in the 
source is less than 5 uA/cm2 
7, 
which depends on the 
gas input, namely pressure (see Fig. 8 in Chapter 5). 
The maximum energy of the beam estimated from operational 
voltage is about 4 keV 
6. Therefore, relatively small 
damage is owing to a small beam current and the pressure 
dependency is owing to a reduction in kinetic energy 
of the beam by inelastic collisions. 
10.3.5 D. c. magnetron sputtering 
PET sheet coated with indium-tin oxide (ITO) by 
d. c. magnetron sputtering has been developed by Howson 
and his colleagues 
8. This plastic sheet has 
excellent optical and electrical properties as heat 
reflecting transparent film. Furthermore, the 
weathering test (which was done at ICI Ltd. ) showed it 
has sufficient film adhesion and durability for practical 
usage. However, the adhesion mechanism in the system is 
not understood well. Therefore, the PET surface after 
removal of ITO films by chemical etching (HC1 10%) was 
investigated as a part of the present study. 
ESCA Cls spectra of the PET surfaces are shown in 
Fig. 7. Spectrum (c) is for d. c. magnetron sputtering 
with r. f. bias to the substrate and spectrum (b) is for 
that without r. f. bias. As seen in the enhanced resolu- 
tion spectra, a contribution from type II* carbon species 
is observed in both samples (b) and (c). Although some 
damage is caused on the PET surface by dipping in HC1 
solution (a), it is unlikely that the new structure was 
produced by HC1 chemical attack. This structure seems 
to be similar to that observed in r. f. bias ion plating 
(see Fig. 11 in Chapter 9). There, is no significant 
difference between magnetron sputtering with r. f. bias 
and without r. f. bias. Since both samples showed good 
durability, it is considered that the interface conditions 
are almost the same in both cases. Although the bombard- 
ment time prior to deposition is very short (less than 
one sec. ) in the roll to roll coating system it has 
already been shown that significant surface damage can 
occur in such a short period of time, depending on the 
incident ion flux density (see section 3.2 in Chapter 9). 
The resultant extent of damage, 
enhanced resolution spectra, is 
magnetron sputtering method and 
as evidenced by the 
comparable in the d. c. 
the r. f. bias ion 
plating method (Figs. 2 and 4 in Chapter 9). 
10.4 Discussions 
The working pressure used in the series of 
experiments is as follows: 
R. f. bias ion plating 
Ion beam bombardment 
Electrom beam bombardment 
R. f. ion plating with d. c. bias 
Neutral beam bombardment 
D. c. magnetron sputtering 
In these methods, ion beam 
3x 10-4_ýorr 
(^-5 x 10 Torr) 
3x 10-5 Torr 
-10-8 Torr 
3x 10-4 Torr 
1.5 x 10-32Torr 
N1.2 x 10 Torr 
5x 10-3 Torr 
bombardment exhibited 
the most destructive features, namely it produced free 
carbons or hydrocarbons with a net loss of oxygen by 
decomposing PET-rather than forming new oxygen-carbon 
bonds. This is due to the fact that the energy 
distribution of ions from the oxygen ion gun (AG2) is 
well defined, the energy relatively high (. < 1 keV), and 
the extremely high ion/neutral ratio. At the working 
pressure of this gun, collisions, in the gas phase are 
negligible. On the other hand, the bombardment*in r. f. 
bias ion plating produced more additional carbon-oxygen 
species. This is possibly owing to a wide energy 
distribution, lower average kinetic energy of ions, 
and lower ions/neutrals ratio. 
Electron bombardment was carried out with a similar 
energy and current density as those in the ion beam 
experiment. The working pressure was very low. The 
extent of damage was lower than that caused by ion 
beams, largely because of the large difference in mass, 
and therefore of stopping power, between the two species. 
However, as shown in spectra (Fig. 3), a formation of 
a new carbon-oxygen bonding located around 288 eV was 
clearly observed after 1 min. bombardment, indicating 
that the modification is not caused by physical 
sputtering, but by thermal or charge excitation or 
activation. 
R. f. ion plating with d. c. bias was carried out 
under similar conditions to those in r. f. ion plating 
and similar results were obtained, indicating that 
the d. c. bias voltage dependence of ion energy in 
the former (plasma potential in this system is nearly 
ground potential) is similar to dependence of ion energy 
in the latter (the potential difference between positive 
plasma potential and the substrate potential close to 
the ground potential). The main difference in these 
systems is a contribution of electrons. The electrons 
arriving at the substrate alternatively in r. f. bias 
system may promote the decomposition of PET surface. 
In the case of r. f. ion plating with high d. c. bias 
voltage, only ions reach the substrate, and in some 
cases these cause surface charging and suppress the 
ion current. 
The neutral beam was operated at a relatively 
high pressure to obtain sufficient beam current. 
However, at a high pressure, although they have high 
energy initially, the ions lose energy rapidly by 
inelastic collisions in the gas phase. This is clear 
from the fact that the extent of damage was seen to 
decrease with increasing pressure. The working 
pressure of conventional d. c. magnetron sputtering is 
also higher than that in r. f. bias ion plating. 
Therefore, less destructive modification of substrate 
surface can be expected. However, the products by 
bombardment in d. c. magnetron sputtering are still free 
carbons or hydrocarbons and additional carbon-oxygen 
species. 
From these experiments it can be concluded that, 
at a low pressure (c-10-3 Torr) decomposition of the 
polymer surface is dominant rather than the chemical 
reactions expected in a high pressure plasma. 
10.5 Conclusions 
Surface damage of PET sheet in ion beam bombard- 
ment, electron beam bombardment, r. f. ion plating with 
d. c. bias, neutral beam bombardment, and d. c. magnetron 
sputtering were investigated by using ESCA. Ions cause 
much greater damage on PET surface than electrons if 
both beams have same current density and same energy, 
indicating that the damage in r. f. bias ion plating is 
mainly caused by ion impact. 
Although the extent of damage depends on the energy 
distribution and input current of the particles, all of 
the methods caused similar damage on PET substrate, 
namely a formation of free carbons or hydrocarbons and 
new carbon-oxygen species, indicating that, in the low 
pressure, decomposition of the polymer surface is domi- 
nant rather than chemical reactions. 
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resolution spectra (remained PET), 
-. - .-: enhanced resolution spectra (decomposition products) 
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CHAPTER 11 INTERFACE STRUCTURE OF ION PLATED TiO2 
FILMS ON PET 
ABSTRACT: 
ESCA (Electron Spectroscopy for Chemical Analysis) 
has been used for studying the interface structure 
between PET (polyethylene-terephthalate) substrate and 
Ti02 films produced by reactive r. f. bias ion plating, 
in comparison with the films produced by conventional 
electron beam evaporation. Sequential ESCA analysis 
and in-situ argon sputter profiling have been carried 
out for-the Ti02 films of varying thicknesses on PET. 
Bombardment by high energy particles prior to 
deposition removes the surface contamination and activates 
the PET surface. The Ti02 films are formed on that 
modified surface, which results in the chemical inter- 
action between film and substrate. Very thin TiCx 
layer observed at the interface region shows the 
presence of this kind of interaction. On a basis of 
the results, the interface structure is discussed. 
11.1 Introduction 
Our previous ESCA work (Chapter 9) showed that 
ion bombardment during r. f. bias ion plating caused 
significant damage on a PET substrate surface. The 
damaged layer is mainly composed of free carbon or 
hydrocarbon material produced by the decomposition of 
the PET surface; the detailed structure depended on 
the bombardment condition. In this decomposition 
process, active species, including free radicals, 
are possibly produced. The films are formed on this 
active modified surface while bombardment continues. 
The strong adhesion of r. f. bias ion plated T102 films 
on PET is considered to be produced under these 
conditions. However, the interface structure between 
film and substrate after deposition is still unclear. 
The sampling depth in ESCA measurement which depends 
on the inelastic mean free path of photoelectrons 
1, is 
about 50 Ä. Therefore, if very thin films (0 --- 100 Ä) 
are deposited on polymer substrate, the signals from 
the film and substrate can both be detected. Burkstrand 
prepared very thin Ni film (1/3 - monolayer) by Ar ion 
beam sputtering on polymer surfaces (PVA, PVME, PMME, 
PVAC) to investigate the interactions of sputter- 
deposited Ni atoms with the polymer surface using ESCA. 
He explains the changes in ESCA spectra with increasing 
coverage by formation of a Ni complex at the interface. 
He also reported the results of the interaction of 
thermally evaporated Cu and polymer surfaces. 
3 
In this study, in order to analyse the interface 
structure between reactively ion plated Ti02 films and 
PET, ion plated Ti02 films of varying thicknesses on 
PET were analysed by sequential ESCA analysis and in- 
situ argon ion sputter profiling. 
2 
11.2 Experimental Details 
11.2.1 Apparatus 
An r. f. bias ion plating apparatus, with electron 
beam evaporation source (Fig. 1 in Chapter 3) was used 
in this study. The r. f. was generated by a 0.5 kW auto- 
matically controlled and tuned supply, Plasma Thermo 
HFS 500E, and was applied to the water-cooled substrate 
holder. 
The argon ion beam gun used here is a cold-cathode 
discharge ion gun (VG AG2), operated at the acceleration 
2 
voltage of 3 kV and the ion current of about 10 uA/cm. 
11.2.2 Procedure 
The system was evacuated up to 1 ^- 2x 10-5 Torr 
(in some cases 4x 10-6 Torr with liq. N2 trap) before 
oxygen gas was introduced through a variable leak valve. 
After melting of the Ti metal source by the electron 
beam an r. f. discharge was initiated and the PET 
substrate exposed to a plasma for about 10 seconds. 
Then deposition was initiated by opening the shutter. 
The film thickness was controlled by shutter operation. 
11.2.3 Evaluation techniques 
ESCA measurements were carried out in a VG 
Scientific ESCA LAB Spectrometer with a twin-anode 
(Al Ka and Mg Ka) X-ray source. The spectrometer was 
operated in the fixed analyser transmission mode, with 
an analyser resolution of 0.5 eV, and Al Ka radiation 
(1486.6 eV) was used in all cases. The photoelectron 
spectrum was collected at normal (6 = 00) emission in 
all cases, except where stated. 
11.2.4 Substrate and source 
PET sheet used as substrate in the present study 
is 'MELINEX - TYPE 0' (50 um thick, ICI Ltd. ). High 
resolution carbon is and oxygen is ESCA spectra of as- 
received PET are shown in Fig. 4 in'Chapter 9. The 
peak shapes show good agreement with those in other. 
publications 4-7. 
Enhanced resolution of the experimental Cls and Ols 
lineshapes reveals the expected contribution, both 
qualitatively and quantitatively, from the various carbon 
and oxygen species present in the bulk PET film, through 
thei. r known chemical shifts (binding energies) in the 
photoelectron spectrum. Pure titanium metal (99.9%) was 
used as a source to produce Ti02 films by reactive r. f. 
bias ion plating. ESCA spectra of Ti and Ti02 bulk 
are shown in Fig. 1. Assignment of those spectra 
including PET are shown in Table 1. 
11.3 Results 
11.3.1 ESCA analysis of PET surface coated with Ti02 
films of varying thickness 
11.3.1.1 Reactive r. f. bias ion plating 
Fig. 2 shows high resolution Cls and Ols photo- 
electron signals from Ti02 coated PET surfaces for 
different deposition times. The curve (a) shows the 
Cls and Ols lineshapes from as-bombarded PET surface. 
Enhanced resolution, which was carried out by 
subtraction of the standard Cls lineshape of PET 
(Fig. 1 in Chapter 9) from the experimental spectrum 
(. (a) in Fig. 2), revealed that free carbons or 
aliphatic hydrocarbons (binding energy 284.6 ±0.2 eV) 
and some carbon-oxygen species (possibly R-0-CH2-0-R, 
binding energy 287.5 + 0.2 eV) are produced as a result 
of ion-induced decomposition of PET. In this 
decomposition process, active species including free 
radicals are also produced but they are stabilized 
quickly and disappear completely after exposure to air. 
The details of the damaged layer structure are 
described in Chapter 9. Ti02 films are formed on this 
active modified surface while bombardment continues. 
In Fig. 2, as deposition time increases, the 
signals from the substrate (Cls at 284.8 eV and Ols at 
533.2 eV) decrease and the signals from the Ti02 phase 
(Ti2p3/2 at 458.6 eV, Ti2p1/2 at 464.4 eV and Ols at 
530 eV) increase. The binding energy of the Ti2p3/2 
peak for Ti02 is indicative of TiO 2 formation. 
8 
Normally, the energy difference between the Cls 
peak for hydrocarbon and the Ti2p312 peak for Ti02 is 
constant, independent of static surface charging effects. 
However, heterogeneous samples with at least one 
insulator phase, cannot be charge corrected by current 
simple techniques. 
15,16 
Since the substrate and the 
film studied here are both insulators, the energy 
difference between the Cls peak for hydrocarbons and the 
Ti2p3/2 peak for Ti02 depends on continuity of the films 
because of the possibility of differential charging. 
Therefore, the position of the main Cls peak is 
assumed to be at 284.8 eV, and Ti2p3/2 to be at 
458.6 eV. The positions of Ols (a) and (b) were 
determined from Cls hydrocarbon peak position and the 
positions of Ols (c) (d) and (e) were determined from 
the Ti2p3/2 peak position. 
A new Cls peak appears at around 290 eV with 
increasing deposition time. Since the energy 
difference between this peak and the main carbon peak 
is about 5 eV, it is assigned to carbons with carbonate- 
like structures. 
11 This peak can also be seen in thick 
film (1300 Ä), which means that the carbons exist on the 
Ti02 surface or in the TiO 2 films. 
The spectra after Ar ion etching (1 keV, 10 uA/cm2, 
one min. ) carried out to remove surface contamination 
are shown by the broken line in Fig. 2. The etched 
0 
thickness is estimated to be about 20 A. The increase 
of the peak at 284.8 eV in curve (c) reveals that the 
TiO 2 film is very thin and it has an island structure. 
The decrease of the peak at 284.8 in curves (d) and (e) 
shows that hydrocarbon contamination adsorbed on Tio2 
films was removed by Ar ion etching. However, the peak 
at 290 eV did not disappear by this etching, indicating 
that these carbons do not exist only on the Ti02 surface, 
but also in the Ti02 film. 
The thickness and refractive index of relatively 
thick films (d) and (e), were determined by ellipso- 
metric measurements. In the case of thinner films 
(b) and (c), the thickness and refractive index could 
not be determined because of the discontinuity of the 
films. 
ESCA analysis for the samples prepared in low 
power r. f. discharge (25W) were also carried out. In that 
case, the PET was not greatly damaged by bombardment 
prior to and during deposition, and carbonate-like 
structures were not observed. 
11.3.1.2 Vacuum evaporation 
The results for vacuum evaporated Ti02 films are 
shown in Fig. 3. In spite of brief deposition times, 
relatively thick Ti02 films were produced as shown 
in the curve (b). Since the cover was not placed 
around the ES source in these experiments, some Ti 
vapour was deposited before opening the shutter. 
However, it is considered that this does not affect the 
interface structure significantly. In fact, in ion 
plating under these circumstances, similar results to 
those described in section 11.3.1.1 were obtained. 
The curve (a) shows the Cls and Ols lineshapes 
from untreated PET sheet, which was evacuated in the 
vacuum under the same conditions as the others. The 
contribution of the contamination on the PET surface 
is very small, possibly due to a low sticking 
coefficient of hydrocarbons on the PET surface. As the 
deposition time increases, the signals from the substrate 
(Cls at 285.0 and Ols at 532.1 eV and 533.7 eV) decrease 
and the signals from the TiO 2 phase (Ti2p3/2 at 
458.6 eV, Ti2p1/2 at 464.4 eV and Ols 530.1 eV) increase. 
The energy difference between the Ti2p3/2 and 
Ti2p1/2 is 6.0 eV, which is slightly larger than the 
5.8 eV in ion plated films. This is possibly due to 
porous structure or nonstoichiometric structure of the 
films. In the figures, the main peak of Cls spectrum (a) 
is assumed to be at 285.0 eV, the main peak of Cls 
spectrum (b) to (e) at 284.8 eV because of a large 
contribution from hydrocarbon contamination, and the 
Ti2p3/2 at 458.6 eV. Since there is no peak around 
290 eV, carbonate-like structures which were observed 
in r. f. bias ion plating do not exist in the vacuum 
evaporated films. The Cls lineshapes after argon ion 
etching (the broken lines in the figure), carried out to 
remove the contamination, clearly show the presence of 
original PET, indicating that the PET surface is not 
damaged in the deposition process and so Ti02 is formed 
on the original PET surface. Hydrocarbon contamination 
on the thick Ti02 film - see (e) in the figure - is 
still observed after Ar ion etching, which means the 
contamination is also in the TiO 2 films. On the other 
hand, in the ion plated films, hydrocarbon contamination 
disappeared completely'after the Ar ion etching. 
11.3.1.3 Discontinuity of Ti02 films 
The energy difference between the contamination 
peak in the Cls spectra and the Ti2p peak of Ti02 must 
be constant, even if the kinetic energy of the photo- 
electrons changes. However, if the substrate and film 
are both insulators, the energy difference depends on the 
discontinuity of the film because of charging effects. 
9,10 
Fig. 4a shows the kinetic energy difference 
{AK. E. = K. E. (Cls) - K. E. (Ti2p3/2)} as a function of 
deposition time. This difference decreases with 
increasing film thickness, reflecting the change in 
conductivity and continuity of the film with thickness. 
Therefore, the binding energy of Ti2p and Ols cannot 
be decided from the contamination carbon peak (284.8 eV). 
Fig. 4b shows the energy difference 
{AK. E. = K. E. (Ti2p3/2) - K. E. (Ols) }. As the film 
thickness tends to zero, the difference increases 
rapidly, because of the significant contribution to the 
Ols from the substrate. If the film is thick and the 
contribution from the substrate is small, the energy 
difference between Ti2p and Ols in Ti02 film must be 
constant under the charging effect. The significant 
difference in ion plated samples produced at an r. f. 
power of 25W may reflect the structural difference. 
Possibly it is a more continuous film, because the 
substrate surface, ion-bombarded at low r. f. power, is 
clean and it has a lot of nucleation sites and is not so 
rough as that at high r. f. power. 
Fig. 5 shows the results for glass substrate. 
The data levels out at a shorter deposition time than 
that on PET substrate, which may indicate that the film 
becomes continuous at a shorter deposition time. 
Fig. 6 shows the relation between refractive 
index obtained by Ellipsometry and the energy difference 
(AK. E. = K. E. (Cls) - K. E. (Ti2p3/2) 1. The refractive 
index of discontinuous film is considered to show an 
averaged value of film and substrate. 
11.3.2 In-situ argon ion sputter profiling 
0 
Changes in ESCA spectra of a Ti02 film of 180 A 
thick with Ar ion etching time are shown in Fig. 7. 
In the figure, the binding energy of each spectrum was 
determined by assuming that Cls peaks of hydrocarbon 
contamination and the damaged PET are at 284.8 eV. 
The Ti02 film before etching, curve (a), is considered 
to be almost continuous and its surface is covered by 
hydrocarbon contamination. The peak around 290 eV is 
assigned to a carbonate-like structure. After 2.5 min. 
etching the intensity of the main Cls peak was greatly 
reduced, but the other remained roughly the same 
intensity, indicating that the surface contamination, 
layer was removed by the argon ion etching and carbons of 
carbonate-like structure are present in the Ti02 film. 
Disappearance of this peak with increasing etching time,. 
(the curve c- f) can be explained by the destruction of 
this structure by argon bombardment. As the etching 
progressed, the main peak of Cls increased again, 
which is a contribution from the damaged PET substrate 
and a new peak appeared at the lower binding energy 
side of the main peak. This is assigned to titanium 
carbide8 existing at the interface between TiO 2 and 
PET substrate surface. Enhanced resolution spectra 
showed the binding energy of that peak to be 282.6 eV. 
This value is slightly larger than that which Than et al 
obtained for a TiCx layer on a steel surface. 
12 The 
existence of TiCx is also observed in the Ti2p spectrum 
(curve 0), which is completely different from the 
spectrum of bulk TiO 2 after Ar ion bombardment (see 
Fig. 8). The sharp rise of the curve at the lower 
binding energy side clearly shows the existence of TiCx. 
Fig. 8 shows the contrasting results for vacuum 
0 
evaporated film of 180 A thickness. The Cls spectrum 
before etching includes the signal from PET and hydrocar- 
bon contamination. The signal from the latter is greatly 
reduced by Ar ion etching and the contribution from the 
PET substrate gradually increases with etching time. 
However, carbonate-like structure (290 eV) and TiCx 
(282.6 eV) are not observed at any stage. The 
variation of Ti2p lineshapes with Ar ion etching time 
reflects the radiation damage of Ti02 film, but there 
is no evidence of the existence of TiCx in the spectra. 
Fig. 9 shows the depth profile of the film and substrate 
surface compositions calculated from the experimental 
photoelectron peak areas using theoretical atomic 
sensitivity factors. 
13 
The difference in the slope of the 
curves in the interface region suggests that ion plated 
films have an intermixing layer of Carbon and Ti02 or 
that the ion plated film is so dense that the etch rate 
is lower than that in vacuum evaporated films. 
For comparison, the results for glass substrate, 
which was placed adjacent to the PET substrate during 
deposition, are shown in Fig. 10. In the ion plated 
sample, a carbonate structure was also observed. These 
carbons were possibly produced by decomposition of oil 
vapour during deposition as described in a previous 
section. The main peak in the Cls spectra in the ion 
plated sample shows contamination existing on the top 
surface of Ti02 films. 
0 After 5 min. Ar ion etching (< 50 A), the carbons 
almost disappeared, indicating that there is no carbon 
in the film. However, after 30 min. Ar ion etching 
0 (< 300 A) the carbon peak appeared again, which is owing 
to carbons or hydrocarbons remained at the interface. 
Therefore, contamination carbons cannot be removed by a 
short time bombardment even in r. f. bias ion plating. 
These results also give us information about the 
continuity of the film. Inelastic mean free paths, Xm, 
for electrons in inorganic compounds for energies E 
between 0 and 10 keV above the Fermi level, are shown by 
the following equation: 
14 
Am = 
2E 
+ 0.72 (aE) 
imonolayers 
The monolayer thickness a is calculated from the relation 
pNna3 = 1024 A, where p is the bulk density (kg/m3), 
N is Avogadrds number, n is the number of atoms in the 
molecule and A is the atomic or molecular weight. 
x (in Ä) calculated for electrons with energy of 1200 eV 
in TiO 2 is about 30 
R. Therefore, by taking into 
account the etched thickness after 5 min. Ar ion etching 
0 (50 A), and A, it can be said that the film on the glass* 
0 
substrate becomes continuous at less than about 100 A, 
which is clearly smaller than that in the case of PET 
substrate. This reflects'the difference in surface rough- 
ness after ion bombardment or difference in surface free 
energy of the substrate. 
11.4 Discussion 
11.4.1 Carbons occluded in the film 
The Cls lineshape from the Ti02 films prepared by 
r. f. bias ion plating is consistent with the presence of 
a significant amount of carbons with a carbonate-like 
structure (C03). In order to elucidate the location of 
these carbons, angular dependent analysis of ESCA 
spectra was carried out (Fig. 11). The Cis spectrum 
before Ar ion etching (a), shows the presence of 
hydrocarbon contamination and carbons of carbonate-like 
structure. The curves(b) and (c) are the Cls signal from 
the etched PET surface measured at the emission angle 
0= O° and 0= 60° (relative to the surface normal). The 
decrease of the relative intensity of the Cls peak 
associated with the carbonate-like structure shows that 
these carbons are present beneath the contamination 
layer and, in comparison to Ti2p intensity, its relative 
intensity does not change significantly, indicating that 
these carbons are in the TiO 2 film. Disappearance of 
the carbonate peak with the etching time (Fig. 7) can 
be explained by assuming that the carbonate-like struc- 
tures are destroyed by Ar ion bombardment. 
ll 
Since these carbons were observed in both thin and 
0 
thick (1300 A) TiO 2 films, they are not located only at 
the film/PET interface. Therefore, it is considered that 
these carbonate-like structures were formed by occlusion 
of the carbons produced by decomposition of oil vapour on 
PET in the vacuum chamber by the r. f. discharge. It is 
significant that these species were not observed in the 
films produced by vacuum evaporation. 
11.4.2 The TiCx layer produced at the interface 
To characterize the TiCx phase observed in ion 
plated Ti02 films on PET, the angular 
dependent analysis 
of ESCA spectra was carried out 
(Fig. 12). The spectra 
in the figure show the Cls and 
Ti2p signals from the PET 
surface after Ar ion etching of 
8 min. (3 keV, 10 uA/cm2), 
measured at emission angles 
8= 00 and 0 8 60 (relative 
to the surface normal). Enhanced resolution spectra 
clearly show the presence of a 
TiCx phase, characterized 
by a cis peak with a binding energy 
which is 2.2 eV less 
than that of free carbons or 
hydrocarbons in the ion- 
induced damaged PET. The increase of the intensity of Cis 
0 
signals from TiCx at the angle 
0= 60 relative to the 
main Cls peak reveals that the TiCx layer is on the 
damaged PET surface, and the decrease of its intensity 
relative to the Ti2p peak shows that the TiCx layer is 
under the TiO 2 film. Furthermore, the decrease 
in 
intensity of the shoulder at the lower binding energy 
side of Ti2p lineshape also shows that TiCx is under the 
TiO 2 film. The surface after Ar 
ion etching is expected 
to be very rough, and the Ti02 or TiCx layers are not 
expected to be continuous at this stage. However, the 
original TiCx layer is considered to be present originally 
as a very thin continuous layer between the Ti02 film 
and the damaged PET surface. 
The formation of TiCx shows that Ti species arrive 
at the substrate as free metallic atoms or ions and react 
with oxygen and/or carbon on the substrate surface. 
Significantly, no evidence for the presence of TiCx at 
the interface of vacuum evaporated TiO 2 films and PET was 
found, indicating that the formation of TiCx in Ti02 
films on plastic substrates is an ion-assisted 
phenomenon. 
11.4.3 Interface structure 
In the deposition system with a diffusion pump and a 
rotary pump, - contamination might be caused by back- 
streaming of oil vapour at low pressure (< 10- 
3 Torr), 
although it can be minimized by using a liquid nitrogen 
trap and keeping the back pressure of the diffusion pump 
constant (100 mTorr). In fact, ESCA analysis showed 
the surface of TiO 2 films was covered by a significant 
amount of hydrocarbon contamination after deposition. 
Although the contamination on the PET surface is not so 
much as that on TiO 2 film because of the lower sticking 
probability, the PET surface is also covered by the 
hydrocarbon contamination before deposition. In vacuum 
evaporation, the kinetic energy of the particles 
evaporated by electron beam gun is not large enough to 
remove the adsorbed oil vapour or other contamination. 
The contamination possibly remains at the film-substrate 
interface, which results in poor adhesion. Columnar 
structure and fine crystallinity are typical features 
of the vacuum evaporated TiO2 films (. Chapter 4) and the 
film contains a lot of voids, which results in porous 
and brittle structure. The oil vapour is possibly 
occluded into the film during deposition. On the other 
hand, in r. f, bias ion plating, the substrate is exposed 
to plasma and bombarded by high energy particles such as 
ions, neutrals, electrons and photons, etc., prior to 
deposition and some contamination is removed from the 
surface, and the substrate surface is modified. For 
example, in PET substrate, carboxyl groups and benzene 
rings are preferentially destroyed by the brief 
bombardment. and free carbons or hydrocarbons are 
produced and some oxygen is removed from the surface. 
In some cases, additional carbon-oxygen species are also- 
produced, although the structure of the damaged layer 
depends on the bombardment conditions. The important 
point is considered to be that the various active species, 
including free radicals, are produced through this 
decomposition process. After opening the shutter, 
Ti species arrive at this active surface. At the 
initial stage of the deposition, they combine with the 
active carbons and form a very thin TiCx layer. 
Subsequent Ti and 0 species form the oxide phase. 
Through the process, oxygen ions and some ionized Ti 
vapour arrive at the substrate with high energy, which 
results in the formation of an intermixing layer or the 
implantation of TiOx particles into the substrate. It 
is concluded that the effects described above contribute 
to the strong adhesion of the ion plated films. 
The bombardment during ion plating also 
has a significant effect on the film structure. Weakly 
bonding atoms might be sputtered and only strongly 
bonded atoms remain, which results in the formation of 
a dense film. This bombardment also prevents the 
formation of columnar structures and a homogenous 
structure is created. Furthermore, the formation of the 
stoichiometric Ti02 films with the larger crystallites 
was confirmed experimentally (Chapter 4), and is 
possibly due to a large mobility of oxygen atoms or Ti 
atoms on the substrate surface. As shown in the ESCA 
spectra, although oil vapours are occluded in the film 
during r. f. deposition, they are decomposed by the 
bombardment and form the carbonate-like structures. 
These are the reasons why high quality and durable Ti02 
films were obtained by r, f. bias ion plating. 
A model of the interface structure of T102/PET 
determined by the results described above is illustrated 
in Fig. 13. 
11.5 Conclusions 
The interface structures of PET substrate and Ti02 
films produced by reactive r. f. bias ion plating have 
been studied by ESCA. 
I Bombardment by high energy particles prior to 
deposition removes the surface contamination 
and activates the PET surface through the 
decomposition process. 
II Ti vapour reacts with active carbons produced by 
decomposition of PET or hydrocarbon contamination 
and forms a thin TiCx layer at the interface 
between TiO 2 film and the damaged PET surface 
in r. f. bias ion plated films. 
III The formation of TiCx shows that Ti species arrive 
at the substrate as free atoms or ions and react 
with carbon on the substrate surface. 
IV The strong adhesion of ion plated Ti02 films is 
possibly due to chemical interactions such as a 
formation of TiCx, and intermixing of the 
decomposition products and TiOx. 
V The carbons produced by decomposition of oil 
vapour on PET are occluded in ion plated Ti02 
film with a carbonate.. like structure. 
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Table 1. Assignment of ESCA spectra of PET and Ti02. 
Cls in hydrocarbon contamination8 284.6 eV 
Cls in PET4 7 Benzene ring ; p\ 284.5 OV 
Ester group O-C*-C 286.6 eV 
Carboxyl group C-CC*-O 289.0 eV 
Ols in PET Ester group C-0*-C 532.1 eV 
Carboxyl group C=0* 533.7 eV 
Ti2p in Ti028 Ti2p3/2 458.6 eV 
Ti2p1/2 464.4 eV 
Ols in Ti02 530.1 eV 
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Fig. 3: ESCA spectra of vacuum evaporated TiO 2 
films of varying thickness on PET. 
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Kinetic energy difference between Cls line 
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CHAPTER 12 THE INTERFACE STRUCTURE OF SPUTTERED TiO 2 films 
ON PET 
ABSTRACT: 
The substrate surface damage and the interface structure 
of sputtered Ti02 films on PET substrates have been investi- 
gated by using ESCA. The techniques used for the production 
of Ti02 were reactive d. c. planar magnetron sputtering and 
reactive d. c. planar magnetron sputtering with an r. f. bias 
to the substrate or with an r. f. coil (or ring) electrode. 
In sputtering, as well as in ion plating, the substrate is 
bombarded by energetic particles which cause significant 
damage to the PET substrate. In particular, the surface 
coated with Ti02 using an'r. f. bias system was heavily 
damaged. 
12.1. Introduction 
The effects of the bombardment by energetic particles 
are described in Chapter 9 and 10, and the interface structurE 
between the ion plated Ti02 and-the PET surface is described 
in Chapter 11. The -damage to the PET in d. c. magnetron sput- 
tering with a roll to roll'system is shown in Chapter 10. 
The operating pressure in-that'system was 3 ti 5x 10-3 Torr 
and the bombardment time prior to deposition was very brief 
(less than 1 sec). As shown' in Chapter 7 and 8, low pressure 
d. c. magnetron sputtering with r. f. enhancement is a very 
useful method of producing high'quality optical- films. The 
film thickness needed for a solar control film is about 2008 
for TiN and 4008 for Ti02. The thickness of the damaged 
layer produced in ion plating was about 100 ti 2002, therefore, 
the surface damage of the PET and the interface structure 
between the sputtered film and the substrate are considered 
to have a significant effect on the structural properties and 
optical properties of the films-. ' It was necessary to invest- 
igate the damage and the interface structure. In particular, 
the effect of a low working pressure in sputtering is not 
clear and the system used for low pressure d. c. sputtering 
was a batch type,. which resulted in a longer bombardment time 
than the roll-to-roll system. 
To investigate the damage and the interface structure 
very thin TiO 2 films were deposited and the ESCA measurements 
were carried out as in Chapter 11. The spectra gives us 
information about the chemical structure of both substrate 
and the Ti02 film if the film thickness is smaller than the 
inelastic mean free path of photoelectrons or if the film 
has an island structure. 
12.2. Experimentals 
The system used for this experiment is shown in Figure 1, 
Chapter 3. The PET substrate and glass substrate were placed 
on the water cooled substrate holder together. The film 
thickness was controlled by the shutter operation. 
ESCA measurements were carried out in a VG Scientific 
ESCA LAB spectrometer, which is the same as that used for the 
experiments described in Chapters 9 to 11. 
12.3. Results and discussions 
12.3.1. The ESCA analysis of the PET surface coated with 
Ti02 films of varying thickness. 
Figures 1 to 4 show high resolution Cls and Ti2p photo- 
electron signals from TiO 2 
coated PET surfaces for different 
deposition times. Figure 1 shows the results for d. c. 
magnetron sputtering at a pressure of 4x 10-3 Torr (5.4 x 
10-1 Pa), Figure 2 shows for d. c. magnetron sputtering at 
a pressure of 6x 10-4 Torr (8 x 10-2 Pa), Figure 3 for 
r. f. bias d. c. magnetron sputtering at a pressure of 4.1 x 
10-4 Torr (5.5 x 10-2 Pa) and Figure 4 for r. f. enhanced 
d. c. magnetron sputtering at a pressure of 2.6 x 10-4 Torr 
(3.5 x 10-2 Pa). 
First, argon gas was introduced with the flow set to a 
constant level and then oxygen gas was introduced and the 
total pressure was maintained constant by an automatic 
pressure controller. The oxygen gas was controlled as low 
as possible to minimize the oxide formation on the Ti metal 
target surface in the range where the metallic films were 
not deposited. 
In Figure 1, as the deposition time increases, the 
signals from the substrate (Cls) decrease and the signals 
from the TiO 2 phase (Ti2p) increase. As described in 
Chapter 11, since the substrate and the TiO 2 films are both 
insulators, the kinetic energy difference between the Cls 
peak for hydrocarbons and the Ti2p 3/2 peak for TiO2 depends 
on the discontinuity of the TiO 2 films because of the 
differential charging. Therefore, the position of the main 
Cis peak is assumed to be at-, 284.8eV, and Ti2p 3/2 to be 
at 458.6eV. 
By comparing the spectra in Figure 1 with the original 
PET (Figure 1, Chapter 9), the formation of carbons or 
hydrocarbons and additional carbon-oxygen species by decomp- 
osition of PET are recognised. These changes were caused by 
energetic particles of reactive gas or sputtered metals. The 
damage done in this batch type d. c. sputtering is similar to 
that done in the roll-to-roll sputtering system (Chapter 10). 
By comparing Cls peak in Figure la with that in Figure 
2a, the intensity ratio Cls at 284.8eV/Cls at 289. OeV in the 
latter is greater than that in the former, indicating that 
low pressure sputtering causes more damage to the PET sub- 
strate because of higher kinetic energy. At a low pressure, 
since the inelastic collisions are reduced, the energetic 
gas species or sputtered metal species do not lose their 
kinetic energy and reach the substrate with high energy. 
The difference in r. f. bias d. c. magnetron sputtering, 
Figure 3, and conventional d. c. magnetron sputtering (Figures 
1 and 2) is significant. It is clear that the PET surface 
is heavily damaged in the biased system. In this system, the 
substrate is exposed to plasma, which was sustained between 
the shutter and the substrate, for approximately 10 secs. 
before opening the shutter, (On the other hand, in d. c. magne- 
tron sputtering and r. f. enhanced magnetron sputtering, the 
substrate was not exposed to'the plasma before opening the 
shutter). Therefore, the substrate is bombarded by high 
energy particles very strongly. This damage could be minimiz( 
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by reducing the bombardment time as in the roll to roll 
system (Section 10.3). 
In the r. f. enhanced d. c. magnetron sputtering, the 
substrate was damaged more than in conventional d. c. magnetron 
sputtering, but the extent of the damage is not so great as 
that in the r. f. bias system. The damaged layer consisted of 
carbon or free carbon produced by decomposition of PET and 
additional carbon-oxygen species. The operating pressure in 
this r. f. enhanced system was 2.6 x 10-4 Torr (3.5 x 10-2 Pa). 
Therefore, the greater damage in the r. £. enhanced system 
than the conventional d. c. magnetron sputtering system 
indicates that the substrate is exposed to the higher energy 
particles because of the collisionless condition brought about 
by the increased mean free path at the low pressure.. 
Although the target current was maintained constant 
(720 mA) and the deposition time was the same in each method, 
the intensity of Ti2p peak was different, indicating that 
the deposition rate was different. In particular, the rate 
in the r. f. enhanced system (approximately 1.5R/sec) was 
significantly greater than that of the other systems. 
The broken line in Figure 4 shows the case where the 
substrate was exposed to r. f. coil plasma 
by opening the 
shutter without any d. c. discharge on the target 
for approx- 
imately 30 secs. The increase in the extent of the 
damage 
is obvious, but it is not so great as that 
in the r. f. bias 
system. 
12.3.2. In situ argon ion sputter profiling. 
Changes in ESCA spectra of a Ti02 film produced by r. f. 
bias d. c. magnetron sputtering with Ar ion etching time are 
shown in Figure S. In the figure, the binding energy of 
each spectrum was determined by assuming that the Cls peak 
of hydrocarbon contamination and the damaged PET are at 284.8eV. 
The Cls peak intensity initially decreases with Ar ion etching 
but increases again, indicating that the as-deposited film was 
in a transition region from an island structure to a contin- 
uous structure. The carbons with a carbonate-like structure 
(around 290eV) and a titanium carbide phase (around 282eV), 
which were found in the r. f. bias ion plated TiO 2 films on 
PET (Chapter 11), were not observed at any of the stages in 
Ar ion sputter profiling. Carbon contamination in this 
sputtering apparatus with a cryopump system was very small 
in comparison with that of the ion plating apparatus with a 
diffusion pump system. 
Figure 6 shows the film produced on a glass substrate 
by the r. f. bias d. c. magnetron sputtering. The carbon 
contamination on the top surface was removed completely by Ar 
ion etching and this is because 
the system had relatively 
clean vacuum (oil contamination was very small) and 
the small 
amount of contamination was removed 
by the bombardment prior 
to and/or during deposition. 
It is clear that the carbon 
exists only on the top surface 
of the Ti02 film, and not in 
the film and not at interface 
between film and substrate. 
The same results were obtained 
in the d. c. magnetron sputtering 
and r. f. enhanced d. c. magnetron 
sputtering. 
12.4. Conclusions 
In sputtering, as well as in ion plating, the substrate 
is bombarded by energetic particles, which causes significant 
damage to the PET substrate. As the working pressure was 
reduced, the extent of the damage increased, which was owing 
to an increase in the kinetic energy of the particles. The 
heavy damage was observed in the r. f. bias system because of 
the strong ion bombardment, which could be minimized by 
reducing bombardment time. 
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Fig. 1 ESCA spectra of Ti02 films of varying thickness 
(deposition time) on PET produced by d. c. magnetron 
sputtering. Deposition conditio s are as follows: 
PAr was 3.7 x 10-3 Torr (5 x 10 Pa), PL_1_, 4x 
UCJ Gd1 
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Fig. 2 ESCA spectra of Ti02 films of varying thickness 
(deposition time) on PET produced by d. c. magnetron 
sputtering at low pressure. Deposition conditions 
are as follows: 
4Ar 
was 6x 10- Tor (8 x 10' Pa), 
Ptotal 6.3 x 1O' Torr (8.5 x 10ý Pa), target 
current 720 mA, target potential 520V. 
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Fig. 3 ESCA spectra-of Ti02 films of varying thickness 
(deposition time) on PET produced by r. f. bias d. c. 
magnetron sputtering. Deposition conditions are 
as follows: PA, was 3.7 x 10-4 Torr (5 x 10-2 Pa), 
Ptotal 4.1 x 10-4 Torr (5.5 x 10-2 Pa)', target. 
current 720 mA, target potential 540V, d. c. offset 
voltage at the r. f. biased substrate - 500V. ' 
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Fig. 4 ESCA spectra of Ti02 films of-varying thickness 
(deposition time) on'PET produced by r. f. enhanced 
d. c. magnetron sputtering. Solid line shows the 
films produced without prebombardment and broken 
line shows the films produced with prebombardment 
of 30 sec. Deposition conditions are as follows: 
PAr was 2.3 x 10'4 Torr (3 x 10'2 Pa), Ptotal 2.6 x 
10'4 Torr (3.5 x 10'2 Pa), target current 720 mA, 
target potential 660V, r. f. input power 50W. 
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Fig. S Depth profiling of Ti02 films (100 R thick) on PET 
produced by r. f. bias d. c. magnetron sputtering. 
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Fig. 6 Depth profiling of Ti02 films (10O R thick) on glass 
produced by r. f. bias d. c. magnetron sputtering. 
CHAPTER 13 CONCLUSIONS 
(1) It was found that reactive r. f. bias ion plating based 
on electron beam evaporation and reactive d. c. magnetron 
sputtering with r. f. enhancement are the best methods 
for optical coatings onto glass or plastic substrates 
at room temperature. 
(2) In fact, high quality Ti02, TiN, Si02, and Si3N4 films 
were obtained by these techniques, in particular by 
using the metal as a starting material and at a lower 
pressure (3ti6 x 10-4 Torr) than that conventionally used 
(10-3 " 10-2 Torr). 
(3) In such a low pressure region, since the mean free path 
of the particles exceeds the chamber size, inelastic 
collisions or charge exchange collisions are negligible 
and high kinetic energy and a high ions/neutrals ratio- 
can be achieved. These effects create a high reactivity 
and high surface mobility of the metal species and 
reactive gas species which results in the formation of 
stoichiometric films with high crystallinity. Further- 
more, bombardment by high energy particles during depos- 
ition' contributes to the improvement of 
film density 
0 
and reduces the defects or voids. 
(4) R. F. enhanced d. c. magnetron sputtering 
has been 
developed as a new technique. By introducing an r. f. 
ring electrode between target and substrate in d. c. 
magnetron sputtering, the operating pressure of the d. c. 
magnetron source was reduced to about 2.3 x 10_4 Torr 
(3 x 10-2 Pa). Thus the metal target surface was easily 
maintained in a metal state and a relatively high 
sputter rate and stability during the reactive sputtering 
process were achieved. 
(5) In r. f. bias ion plating or r. f. bias sputtering, 
since the decomposition or resputtering of the growing 
films during deposition is significant, the balance of 
deposition rate, r. f. input power and the partial pressure 
of reactive gas is important to get high quality films. 
(6) The low pressure effects were also found in the study of 
the surface damage and interface structure of ion plated 
substrates. The substrate is exposed to energetic 
particles, mainly ions, which cause significant damage 
to the plastic substrate. The damaged layer in PET is 
mainly composed of free carbons or hydrocarbons produced 
by decomposition of PET, although its structure depends 
on bombardment conditions. 
(7) In the low pressure plasma (10 -5 ti 10-3 Torr), since the 
ions have high kinetic energy owing to a long mean free 
path, decomposition of the polymer surface is dominant 
rather than chemical reconstructions. 
(8) Active species are produced through the interaction of 
ions and the PET surface, allowing not only physical 
interaction but also chemical interaction between ion 
plated films and substrate, which contributes to the 
improvement of film adhesion. 
CHAPTER 14 SUGGESTIONS FOR FURTHER STUDY 
(1) Various kinds of technique besides those we studied 
here are available by combining the substrate bias 
techniques and plasma activation, and by changing the 
source. One of those techniques which ought to be 
useful for optical coating is a combination of r. f. 
bias and r. f. coil electrode in evaporation or in 
sputtering. This technique creates the possibilities 
of further improvement of the film properties, because 
ion density (r. f. power to the coil) and ion energy 
(r. f. Power to the substrate) can be controlled indepen- 
dently of each other. 
-(2) Another Possibility is to use a hollow cathode electron 
beam gun, which gives high ionization efficiency, as a 
source instead of a conventional electron 
beam gun. By 
combining the r. f. bias with this source, further 
improve- 
ment of film properties is also expected. 
(3) A combination of d. c. magnetron sputtering and a neutral 
beam gun is also interesting as a method to replace 
the 
r. f. bias. However, it is questionable whether the 
neutral beam bombardment is effective to increase the 
reactivity of the elements. Possibly this technique 
is 
useful for stoichiometric source materials where the 
bombardment effect during deposition is all that is 
sought. 
(4) For some materials, such as Si02 or Si3N4 which are 
difficult to sputter, a more 'productive method may be 
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low pressure (10-4 " 10-3 Torr) plasma CVD. The low 
pressure plasma CVD may create a higher surface energy 
than that found in conventional CVD. The same 
apparatus as is used for sputtering can be used to 
carry out plasma CVD. 
(5) To understand the role of ions (or electrons) in the 
techniques studied here, it is necessary to control 
and define the ion energy and ion density independently 
of each other. The use of a metal ion source and re- 
active gas ion source (double ion beam system) seems 
to be suitable for this fundamental study. 
(6) The balance of the deposition rate, r. f. power and 
partial pressure of reactive gases should be theoret- 
ically estimated, by taking into account the ion energy 
and ion density in the system. 
(7) In our present work, the films produced at high sputter rates 
were not able to be examined because of the limitation 
in our own d. c. power source. By using a high power 
source, it is possible to increase the deposition rate. 
In that case, however, the conditions such as the 
pressure of reactive gas and r. f. power should be 
optimized for a certain deposition rate. 
(8) The production of Ti02 and TiN from Ti metal source 
and Si02 and Si3N4 films from Si metal source was 
studied. However, the techniques selected here seem to 
be effective for other materials, oxide, nitride, carbide 
and their composite films, but further study is needed 
here. 
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(9) One of our aims was to obtain the ideal interface, 
because the durability of the optical film, which 
greatly depends on the interface structure between 
film and substrate, is very important for a practical. 
usage. Therefore, further study is needed not only of 
mechanical properties of the films but also of the 
stability of the film itself or interface structure 
against water (humidity), light (UV radiation), heat 
and chemicals. 
(10) One of the candidates for an ideal interface is a comp- 
osite layer, which may be achieved by a combination of 
plasma polymerization and ion plating. By introducing 
the composite layer, a gradual transition from organic 
substrate to inorganic film might be obtained. 
Appendix. 
Error in the determination of refractive index by ellipsometry. 
The films were characterized principally by their 
refractive index because the refractive index reflects the 
structural properties very effectively. 
a). Equipment. 
A Gaertner production ellipsometer L117 (schematic shown 
in Figure 1) was used for the measurement of the refractive 
index and the thickness of the films. 
The light from the helium-neon laser (6328 Ä) is first 
linearly polarized by passing through the polarizer and then 
elliptically polarized by passing through the compensator. 
When the light reflects from the specimen under measurement, 
the polarization of the light changes in accordance with the 
specimen film thickness and optical characteristics of the 
film and the substrate. The light then passes through the 
analyser and is sensed by the photodetector. The ammount of 
laser light reaching the photodetector is indicated by the 
extinction meter. There are certain settings of the 
polarizer that cause the laser light reflected from the 
specimen to become completely linearly polarized. When the 
polarizer is at one of these settings the analyser can be 
rotated to a position where almost no light reaches the 
photodetector. The extinction meter then moves to its 
lowest reading. This is the condition for measurement so 
the polarizer and analyser drum settings are recorded (Al 
and P1 ). The second polarizer setting (ti 900 + P1 ) and 
the corresponding analyser setting (' 1800 -A1) gives the 
second set of values. These four drum readings (Al, A2 for 
the analyser drum and P1, P2 for the polarizer) complete the 
ellipsometric measurements. The film thickness and refractive 
index can then be determined by the use of a computer. 
b). The effect of the substrate. 
In the case of a glass substrate the light reflected 
from the rear surface causes a significant error. Therefore 
the reflection was minimised by filling the interface between 
the sample glass and another blank glass with anisole which 
has a matching refractive index of 1.51 . By this method 
only the light reflected from the front film surface was 
detected. 
The refractive index and the extinction coefficient of the 
glass substrate is required for the-calculation of the 
refractive index and the thickness of the deposited film. The 
optical constants of the glass substrates was measured and an 
average value, obtained after measuring several glass plates, 
was used for the subsequent calculation of the refractive 
index and thickness of the deposited film. The optical 
constants for the glass substrates used was n=1.508 and 
K=0.025 to 0.04 , the variation in the optical constants 
proved not to affect the deposited film calculations. 
In the case of PET the light reflected at the rear 
surface was minimised by abraiding the rear surface with wire 
wool and then blackening with dense black ink. 
It was found that the silicon substrates used were 
covered by a silicon dioxide thin film of about 20 
Ä. This 
oxide layer was not etched off and so the refractive index 
and the extinction coefficient determined for the substrate 
(ns = 3.84, KS= 0.182) and hence used for calculations of the 
film properties, was for this combined oxide/metal surface. 
c). Experimental error. 
The reproducibility in the measurements of the drum angle 
was less than ± 0.10, which gives the error of s± 0.5% and 
s± 0.5% in film thickness. 
The individual angle of the laser beam used for the 
measurements was 500. The effect of the incident angle on the 
refractive index and thickness, which was confirmed experi- 
mentally, was also small (An <- 1%, Ad s 1% at 300 to 700). 
The effect of film absorption in the determination of the 
refractive index and the thickness is significant. Only the 
films with no observable absorption in the visible range (Ti021 
Si02, Si3N4) were used for measurement. The absorption was 
checked by transmission and reflection measurements. 
The reflection measurement provides the reflectivity at 
the wavelength of 6328 A. A large reflection 
enables the determine of the refractive index 
of the films very accurately. The films 
0 
which provides high reflection at 6328 A 
becaused of this reason. 
The films which have low reflection 
icant error in the calculation. In this 
with 
were 
0 
at 6328 A 
and thickness 
a thickness 
mainly prepared 
at 6328 
Ä 
give signif- 
case, the thickness 
measured by Talystep was used to determine the refractive index. 
Since the error in thickness is s± 5%, the error then in 
refractive index is less than ± 1%. 
The refractive index and the thickness of the high 
quality film obtained under the optimized condition in r. f. 
bias ion plating are of = 2.492 ± 0.01 and df 
for ns = 1.508 and KS = 0.04. 
0 
= 2087 ± 21 A 
Comparing with these values, the thickness determined by 
0 
Talystep was df = 2137 ± 136 A, the refractive index 
determined from transmission curve was of = 2.55 ± 0.15 
and the refractive index determined by Abeles method was 
of = 2.43 ± 0.12. 
The error in the Abeles method is well documented by 
Taylor1. In our experiment, although the helium-neon laser 
beam was used for the measurements, it was found that the data 
included a significant error (An <± 5%). 
The method of the determination of the refractive index 
from the transmission curve gives an error of ± 5%, when the 
error in transmission is ± 1%. 
Therefore, the value determined by ellipsometry is 
within the range of errors of the values determined by the 
other methods. 
The maximum refractive index of Ti02 films on the room 
temperature substrate obtained by conventional vacuum 
evaporation was 2.2 ` 2.3, which was in good agreements with 
the values reported by Palker3 and Ebert4. 
The difference in refractive index between the 
film on glass and on PET was considered to be due to the 
structureal difference in the interface region, for example 
the roughening or intermixing of PET by ion bombardment which 
would not be significant on the glass substrates. 
On the basis of the results discussed above, the 
refractive index of the films obtained by ellipsometry is 
considered to be very acurate, when the film is free from 
absorption and the reflection at 6328 Ä is reasonably high. 
Error in refractive index is less than 1%. 
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The end. 
